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Foreword
Beyond Bird-Like Dinosaurs: The Emerging Evolutionary

History of Modern Birds

Asevery school-child nowknows, birds are related

to some dinosaurs. To specialists, this is a very old

idea that was born in the 19th century, lost in the

first half of the 20th century, and then rediscov-

ered again in the second half by John Ostrom. For

those of us concerned with the evolutionary his-

tory of birds, reiterating the link betweenbirds and

dinosaurs is passé. We are, of course, interested

in the history leading up to modern birds

(Neornithes), but we must remember the latter

is just one node on a very large Tree of Life (TOL).

But it is a very important node. First, it is seem-

ingly the most important higher-level node of the

TOL to the general public, at least as measured in

terms of information retrieval. Thus, using a Goo-

gle search, ‘‘birds’’ returned 128 million hits,

‘‘mammals’’ a paltry 14.1 million, and ‘‘dino-

saurs’’ was even lower at 13.5 million. ‘‘Fishes,’’

‘‘reptiles,’’ and ‘‘insects’’ are all more ‘‘popular’’

than dinosaurs, but lag far behind birds.

Given this high profile of birds in modern soci-

ety, it is disquieting that we don’t know more

about their evolutionary history, and it is worth-

while recounting why this might be so and how

the study of avian evolution has been weighed-

down by traditions that still influence us to this

day. When we entered the modern era of avian

phylogenetics, in the decades following Willi

Hennig’s contributions to cladistic analysis in

the 1960s, our understanding of avian relation-

ships was based on the comparative anatomical

studies and classifications of the giants of late 19th

century ornithology, especially Max F€urbringer

and Hans Gadow, but others as well. Soon, how-

ever, the study of avian relationships essentially

fell off the map for nearly 70 years. As Erwin

Stresemann – himself a giant in ornithology –

noted in a 1959 paper in The Auk, ‘‘all the avian

systems. . .are similar. . .they are all based on

F€urbringer and Gadow. My system of 1934 does

not differ in essence from those [of] Wetmore

(1951) and Mayr and Amadon (1951). . ..’’ This

quote manifests a 70-year span of intellectual

stagnation regarding avian relationships. There

are two main reasons for the general absence of

‘‘tree thinking’’ in ornithology during this period,

as well as, perhaps, in biology as a whole.

First, phylogeny was considered an unknown

and an unknowable. To many, only fossils were

capable of revealing past history, yet fossils were

rare – an argument made by Darwin himself.

Phylogeny was thus unknowable: again, as

Stresemann remarked in 1959, ‘‘the construction

of phylogenetic treeshas opened thedoor to awave

of uninhibited speculation. Everybody may form

his own opinion. . .because, as far as birds are

concerned, there is virtually no paleontological

documentation. . .Only lucky discoveries can

help us. . ..’’ Relationships were in the eye of the

beholder; there was no objective method. Never

mind that numerousworkers 70 years prior to this

were building trees, and making inferences about

relationships, based on comparative morphology

of recent birds!

The second, and perhaps main, reason for the

long history of phylogenetic neglect within orni-

thology was as much sociological as scientific;

namely, phylogeny was eclipsed by a redefinition

of systematics as ‘‘population thinking.’’ This

view developed primarily in Germany and then



in the United States as systematists such as

Theodosius Dobzhansky and Ernst Mayr saw

the relevance of the new field of population gene-

tics for the study of speciation. Thus, Mayr

declared in his influential 1942 book Systematics

and the Origin of Species that ‘‘The popula-

tion. . .has become the basic taxonomic unit.’’

Mayr went further, and with typically assertive

language left no doubt where he stood on phylo-

genetics: ‘‘The study of phylogenetic trees. . . com-

prise a field which was the happy hunting ground

of the speculative-minded taxonomist of bygone

days. The development of the ‘new systematics’

has opened up a field which is far more accessible

to accurate research and which is more apt to

produce tangible and immediate results.’’ It is

probably no accident that his major professor,

Stresemann, echoed virtually the same opinions

in 1959, but harsher: ‘‘Science ends where com-

parative morphology, comparative physiology,

comparative ethology have failed us after nearly

200 years of effort. The rest is silence.’’

The silence was short-lived. Along came

Hennig (at least in English) seven years later.

But surprisingly, the first cladistic tree for birds

was published by Wilhelm Meise in 1963 in the

Proceedings of the 13th InternationalOrnitholog-

ical Congress in which he proposed a synapomor-

phy scheme for the ratite birds based onbehavioral

characters. This timing was perhaps no coinci-

dence, asMeise’s officewas next door toHennig’s.

Over the past several decades the higher-level

relationships of birds have proved very difficult to

resolve using a host of different data and analytical

techniques. It now appears that the problem is

complex because of the history itself. The origins

ofmanymajor groups are old, in the Early Tertiary

orCretaceous, although just howold is a subject of

great debate. What does seem clear is that toward

the base of the tree bothmorphological andmolec-

ular internodal distances are quite short, and the

most parsimonious interpretation is that this is

real – that neornithines experienced a relatively

rapid radiation early in their history. Reconstruct-

ing this history is thus analytically difficult and is

mademore difficult by the fact that there aremany

long-branched lineages.We systematists have also

contributed to the problemwith sampling that has

often assumed monophyly of ingroups, close rela-

tionship of outgroups, and inadequate coverage of

taxa and characters.

‘‘But the times they are a-changin’.’’ Large-

scale phylogenetics is now becoming the norm,

and over the past decade many studies have

included taxon sampling numbering in the hun-

dreds and characters in the thousands. These are

beginning to provide some resolution to higher-

level relationships and a lot more clarity at lower

taxonomic levels.

This is the milieu into which this book, Living

Dinosaurs: The Evolutionary History of Modern

Birds, is thrust. It bookmarks how far we have

come and how far we might expect to go over the

next 10 years. Living Dinosaurs highlights the

growth in our phylogenetic understanding of

birds and their fossil record, as well as the breadth

of advances in the comparative biology of birds,

themselves a consequence of this growth. Impor-

tantly, it captures how knowledge about the evo-

lutionary history of birds has benefited from

phylogenetic approaches that integrate fossil and

recent taxa as well as combined data sets of mor-

phological, molecular, and other characters.

Living Dinosaurs articulates a transition to the

future, one that is hard to predict but easy to

underestimate in its potential. One thing is cer-

tain: the next five years will be transformative

relative to the preceding five. One reason is that

the rate of fossil discoveries and phylogenetic

knowledge about birds is nonlinear, and for the

latter, at least, it is probably close to exponential.

The number of papers on avian relationships,

worldwide, is astonishing and a not-unreasonable

prediction is that nearly all biological species of

birds will be on some tree within the next five

years. The current trend is moving toward

the phylospecies level, and we will probably

see most avian phylospecies on a tree within a

decade or so. Having species-level trees will accele-

rate evolutionary analysis throughout ornithology.

Perhaps the biggest reason we will see a trans-

formation in avian phylogenetics, and avian

viii Foreword



evolution in general, is our entrance into a new era

of cheaper genomics, as various chapters in Living

Dinosaurs take note of. Ongoing international

collaborations, along with the precipitous fall in

the cost of whole-genome sequencing, suggest

that we will see 50–100 whole genomes of birds,

if notmore,withinfiveyears. Indeedwewill likely

have a quarter of that number before this book has

its first birthday. One should have a measured

view of the ensuing hyperboly as it will take a

new generation of avian systematists trained in

genomic analysis to make sense of all these new

data. But this problem should be transient and

ornithologists should expect that some of our

recalcitrant phylogenetic problemswill be solved.

It is also worth remembering that we have been

through these ‘‘revolutions’’ before and each one

leaves a plethora of unsolved problems, and

crushed expectations, in their wake.

DNA sequences, by themselves, are just Gs,

As, Ts, and Cs. The editors and authors of this

book are quite right in calling for better integra-

tion of morphology and other aspects of the phe-

notype, as well as fossils, into the evolutionary

analysis of birds. There are fundamental ques-

tions about the evolution of the phenotype that

have barely been touched. The rise of molecular

sequence data has garnered most of the excite-

ment and research attention, yet at the same time

molecular research has also contributed to the

growth of morphological-based systematics and

paleontology because evolution is primarily

about phenotypic patterns seen in whole organ-

isms. This integrative approach is pushing

research efforts to becomediversely collaborative

(the Assembling the Tree of Life – AToL – initia-

tive is a good example). The need for larger and

more diverse data sets also necessitates expanded

research groups.

What will be the big questions in avian evolu-

tionary research in the coming years? Readers can

look to chapters in this book for some of the

answers. Clearly, the central question is resolving

theTree of Life at the finest taxonomic level for all

known taxa, living and fossil. Minimally that

number is probably around 25,000 to 30,000, if

we take subspecies-level names as a proxy for

phylotaxa. For the living avifauna the problem is

not as daunting at it might first seem, given the

pace of activity of the world’s avian systematists.

A tree this large is a reachable goal and, as noted,

will be largely realized in the near term.Obviously

placing theknown fossil taxaon this tree is amuch

more complex problem, as discussed in this vol-

ume, but given support for more comparative

morphological research, the prognosis for major

advancement is good. There are two other poten-

tial impediments, what might be called the Prob-

lem of Uncertain Knowledge, and the Problem of

Investigator Tenacity.

With respect to the first impediment, more

taxa and more characters do not guarantee that

targeted research questions will be solved. More

taxa, especially at fine taxonomic level, virtually

guarantee uncertainty for having well-resolved

relationships (multiple gene-tree versus species-

tree conflicts are a clear example). And just what

does itmean to have addressed ‘‘uncertainty’’ – to

think that we have resolved relationships? Per-

haps the greatest challenge for many investiga-

tors will be sociological: just how much effort

do they want to expend to ‘‘know’’ a node

(i.e., resolvewell)? For somequestions the answer

will be a lot; for others, not so much.

Chapters in this book identify another major

question: understanding the timetree of avian

evolution. This too is a very difficult problem,

not only with respect to the data needed (phylo-

genetic relationships, accurate geochronological

calibrations) but also to the complexities of anal-

ysis. Some investigators think these challenges

are so daunting that building a timetree is essen-

tially fruitless. However, because having a time-

tree for all taxonomic levels is crucially important

for addressing many evolutionary problems, we

can expect to see significant work in the future to

mitigate these difficulties.

Perhaps the take-home message of this book is

that for those of us interested in avian evolution

the future is bright indeed. It is exciting and

expansive in its possibilities. The more we

know about relationships, about the temporal
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pattern of avian evolution provided by a growing

fossil record, and about the structure and function

of the avian genome and phenome, themore ques-

tions we generate. Good questions precede good

answers, and within evolutionary biology in gen-

eral, the study of birds will continue to provide

good questions as well as good answers. Young

investigators can start with this book to get their

feet wet.

Joel Cracraft

American Museum of Natural History

New York, USA

January, 2011
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Preface

The scope of this book ranges widely, from bio-

molecular aspects of avian biology to details of the

anatomy of dinosaurs. However, it is not just a

simple compilation of current material. Its pur-

pose is to help bridge a gap that has developed

between thosewho study birds as fossils and those

who study the living animals. The size of that gap

has much to do with two controversies related to

the evolution of birds that remained unresolved

for much of the 20th century. One involved the

origin of birds, fromdinosaurs or not, and the other

involved the inability of ornithologists to reach a

general agreement on the relationships among the

living groups of birds. The first was resolved at the

very endof the 20th century, in favor of an origin of

birds from ancestors among theropod dinosaurs,

and although the second remains unresolved, it is

being pursued by a host of optimistic scientists

using novel techniques. These include new

methods of interpreting morphological characters

(cladistics) and sophisticated analyses of genetic

material. Each chapter of this book puts current

understanding in context with directions that

research may take over the next few years.

Most of the organisms discussed are true birds

in the sense that they include the most recent

common ancestor of Archaeopteryx and all of

its descendants among the Neornithes (Gauthier

& de Quieroz, 2001). The remainder are those

dinosaurs considered to be the closest relatives

of that ancestor. The emphasis of the discussions

is on evolutionary aspects of function and ecology

rather than the technical description of individual

fossils, many of which are discussed in Mesozoic

Birds (Chiappe & Witmer, 2002) and other recent

works.

Shortly after Charles Darwin offered natural

selection as the driving force behind the evolu-

tionary process, the origin of birds and the path of

their subsequent development seemed remark-

ably clear. The 140 million year-old Archaeop-

teryx bridged the gap between birds and their

reptilian ancestors among the dinosaurs (Hux-

ley, 1868), and within a few years toothed birds,

such as Ichthyornis and Hesperornis (Marsh,

1888), seemed to confirm that birds enjoyed a

simple and straightforward evolutionary story

from primitive, reptilian forms to modern varie-

ties. It was one of the great triumphs of early

evolutionary theory – the living birds that we

are all so familiar with are descended from

‘reptile-like’ forms including the toothed and

long-tailed Archaeopteryx. Nothing in biology is

ever that simple.

In 1926, the Dane, Gerhaard Heilmann, shat-

tered the complacency of Victorian biologists

with carefully constructed arguments that

birds could not be related to dinosaurs. Among

other things, dinosaurs lacked the distinctively

avian furcula or wishbone. His arguments held

sway through much of the 20th century but

could not stand up to sophisticated advances

in interpretive methodology and the discovery

of dinosaurs with wishbones and other features

shared with birds (Gauthier & Gall, 2001;

Chiappe & Witmer, 2002). The intensity of

this controversy was one of the factors that led

to the isolation of students who studied fossil

birds from those who studied the living animals.

Gradually most ornithologists became so

focused on experimental ecology and energetics

that they no longer had the background to

appreciate the subtle anatomical differences

betweenArchaeopteryx and nonavian dinosaurs,

such as Velociraptor and Troodon (Makovicky &

Zanno: Chapter 1, O’Connor et al.: Chapter 3).

In spite of resolution of the fundamental issue –

that birds are a living lineage of dinosaurs – the



immediate source of the living groups of birds

(Neornithes) remains a controversial subject

among both ornithologists and paleontologists

(Lindow: Chapter 14). The absence of undoubt-

edly modern birds, except for Anseriformes, in

the Mesozoic fossil record contradicts many of

the biomolecular studies that show very early

divergence dates (Brown & van Tuinen: Chapter

12). Many hope for greater success from analyses

of the actual genome (Organ & Edwards: Chapter

13). Biomolecular techniques appear to be well

founded in theory, but at a practical level they

have yet to produce a generally accepted phylog-

eny for the living groups of birds. They have

produced a variety of results from the much-

maligned “tapestry” of Sibley & Ahlquist (1990)

(Houde, 1987; Sarich et al., 1989; Lanyon, 1992;

Harshman, 1994) to the more technologically

sophisticated analyses of Fain & Houde (2004)

orHackett et al. (2008). They all vary greatly from

morphology-based hypotheses such as that of

Livezey & Zusi (2007). Without an agreed-upon

phylogeny, the evolutionary story of the whole

group is moot (Livezey: Chapter 5).

In comparison to the fundamental problem of

avian phylogeny, recent puzzles posed by the dis-

covery of fossils of avian and nonavian animals

bearing feathers, seem almost trivial. The pres-

ence of feathers no longer defines birds; feathers

are nowknown fromavariety of flightless animals

and seem most likely to have arisen as insulation

(O’Connor et al.: Chapter 3). Anchiornis (Xu

et al., 2008; Hu et al., 2009), Confuciusornis

(Hou et al. 1995), and the entire lineage of Creta-

ceous Enantiornithes (Walker, 1981) can tell us

much about the advantages of being somewhat

bird-like even if the actual relationship of those

fossil forms to modern lineages is tenuous, and

the implications for the eventual success of the

Neornithes are slight.

Flight appears to have been a fundamental

factor in the early success of birds but its origins

are not likely to be revealed by the fossil record.

For many years, two competing theories domi-

nated discussion of the origin of flight. Either

birds learned to fly by jumping from trees or by

flapping their wings while running across the

ground. Recently, the tendency of flightless

nestlings to flap their wings while running

uphill has been developed into the theory of

“Wing-assisted Inclined Running” (Tobalske

et al.: Chapter 10). On the other hand, recently

discovered fossils imply that a variety of

small, feathered animals could be found in the

canopies of Mesozoic trees. Not all had effective

wings but wings are not the only organs required

for flight. An endocast of the brain of Archae-

opteryx suggests that it could already have

been capable of processing the large amounts

of data accumulated by a flying animal. Subse-

quent changes in the shape of the brain can be

tracked into modern times (Walsh & Milner:

Chapter 11).

The first section of the book reviews the early

ancestry of birds and the conditions under which

they, and their nearest relatives, diversified in the

Cretaceous. It is intended to provide ornitholo-

gists with an overview of the fossil record and

describes the history of some highly specialized

groups such as extinct giants and seabirds from

the Tertiary (Alvarenga et al.: Chapter 7, Bourdon:

Chapter 8). Other middle chapters focus on adap-

tations contributing to the success of living forms

such as penguins (Ksepka & Ando: Chapter 6) or

other seabirds (Kaiser: Chapter 15), and are

intended to provide paleontologists with a basic

introduction to groups whose specialized life-

styles are reflected in their skeletal anatomy. It

is the adaptations of these and other living species

that are being tested by the alienation of habitats

for human use and the effects of global warming

(Thomas: Chapter 16).

We hope that by bringing together such a wide

range of areas in one volume, the reader will

find an entrée into less familiar topics and appre-

ciate the potential value of linkages among seem-

ingly unrelated approaches to the study of avian

evolution.

Gareth Dyke

Gary Kaiser

May 2010
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In our world today there is no living animal that

looks like a bird but is actually something else. If it

has feathered wings, a wishbone, and walks on its

toes, then it is definitely a bird. In the Mesozoic

world life was much more diverse. Among the

giant dinosaurs, there were dozens of small, feath-

ered animals that had wishbones and walked on

their toes. Some of these were so small that the

feathers on their limbs could lift them into the

air. Somewhere among those ancient feathered

animals, there was just one that was the earliest

ancestor of modern birds. The rest, and all of their

varied descendants, were “also rans” that disap-

peared in the events that carried away the giant

dinosaurs andmanyother lineages at the end of the

Cretaceous Period. Equally mysterious, and even

more poorly known, are the birds, or groups of

birds, that survived that great extinction tobecome

the ancestors of today’s 10,000 or so species.

The precise nature of the earliest birds has

been one of the most contentious topics in bio-

logy for almost 150 years. At first the discovery

of Archaeopteryx seemed to endorse Charles

Darwin’s newly published theory (Huxley, 1868).

A reptile-like animal with feathers looked like

the perfect link between twomajor lineages.How-

ever, concerns about apparent differences between

birds and dinosaurs arose in the early 20th century

(Heilman, 1926) and generated a heated debate

that lasted until the beginning of the 21st century.

The issue was not with Archaeopteryx as the

earliest known bird but the suite of differences

that distinguish birds from dinosaurs. Until

recently, birds seemed unlikely as relatives of

the iconic giant dinosaurs of theMesozoic; indeed

as discussed in later chapters the nature of their

clavicles and furculae remained contentious until

theendof the20thcentury (Chure&Madsen, 1996;

Makovicky & Currie, 1998). In addition, Richard

Owen, the noted Victorian authority on all things

anatomical, declared that the twogroups couldnot

be related. Dinosaurs had simplified their hands

by losing the two outer digits (IV and V), whereas

birds lost the innermost and the outermost digits

(I and V) (see Makovicky & Zanno, Chapter 1,

this volume).

We can blame shortcomings in the fossil record

for the duration of this controversy. Dinosaurs

were thought to be giants because the bones of

giants are more likely to be fossilized than the

skeletons of small animals. Fragile structures like

bird skeletons are easily destroyed and scattered

long before they can be preserved. Fortunately the

fossil record has been greatly enhanced and rein-

terpreted since 1980. John Ostrom (1976) led the

waybydescribing the specialized bird-likewrist in

the theropodDeinonychus andwithin a few years,

thousands of new specimens were discovered in

unexplored areas of China and other remote parts

of the world (see O’Connor et al., Chapter 3, this
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volume). This new material included fossils of

dozens of small, feathered animals in both avian

and nonavian lineages.

During that same period at the end of the 20th

century, biomolecular techniques were brought

to bear on the genetic history of living birds.

Analyses of nuclear and mitochondrial DNA

allowed the construction of family trees that

established somenewconnections between groups

and demolished long-held beliefs in other relation-

ships. At the time pioneering biomolecular anal-

yses revealed that the ostriches and their relatives

(Paleognathae) represent a very ancient lineage

branch from the living birds (Sibley & Ahlquist,

1990; see Figure 0.1). Similarly the highly aquatic

ducks were shown to be close relatives of the

entirely terrestrial chickens and both belong to

the Galloanserae, a group that split from the base

of the main lineage shortly after the divergence

of the paleognaths (Sibley & Ahlquist, 1990;

Hackett et al., 2008).

Recently, genomic analyses have revealed the

genetic history of the chicken, providing insight

into the ancient history of birds and hinting

at events in deep time when the avian lineage

diverged from that of mammals (International

ChickenGenome Sequencing Consortium, 2004).

To no one’s surprise, chickens completely lack

genes for making tooth enamel giving scientific

credibility to the adage, “scarce as hens’ teeth.”

Recently, genetic studies of Hox gene activity in

the embryo have contributed to discussions of the

vexed question of the bird’s lost digits (Wagner,

2005; Vargas et al., 2008; Young et al., 2009).

In spite of amazing advances, biomolecular

studies still have one great shortcoming. They

cannot be applied directly to the interpretation of

organisms known only as fossils. However, they

Figure 0.1 Cartoon to illustrate the basics of

our current consensus regarding the pattern

of the evolution of birds, relative to the

Cretaceous-Paleogene (K-Pg) boundary. [This

figure appears in color as Plate 0.1]
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might lead us to the identity of extant lineages

whose antecedents crossed the Cretaceous–Paleo-

gene (K–Pg) boundary and gave rise to modern

birds (Figure 0.1). The fossil record of terrestrial

animals in the Paleocene is particularly weak and

biomolecular insights may be our best chance of

understanding post-Mesozoic survival.

In spite of the new approaches to cladistic

analyses of morphological characters and a vast

array of newly discovered fossils, Archaeopteryx

remains secure in its position as the earliest bird.

It is no longer the oldest known feathered animal.

(Xu & Zhang, 2005) and Anchiornis from China

(Hu et al., 2009) have been placed in the Mid-

Jurassic, some 10 million years (myr) earlier

than Archaeopteryx (see Makovicky and Zanno,

Chapter 1, this volume). Both fossils reveal feath-

ered animals as small as Archaeopteryx but their

feathers are symmetrical and not aerodynamically

shaped. Such feathers cannot generate the thrust

needed for forward flight and the aerial perfor-

mance of these animals may have been limited

to parachuting to the ground. Perhaps the plumage

in these animals was more important as

insulation.

These early feathered animals suggest that

control of the third dimension was a theme

with a long history in dinosaur evolution. The

parasaggital stance of early forms raised them

above their squamosal contemporaries, greatly

increasing their field of view and allowing effec-

tive attacks from above. Pedopenna,Anchiornis,

andArchaeopteryx represent a later development

of small, feathered animals that may have kept

their plumage cleanby living in the forest canopy,

such as it was in the Jurassic. The feathers offered

a low overall density that reduced the risks of

living far above the ground and allowed these

animals to parachute, glide, or even fly down

onto unsuspecting prey.

Archaeopteryx preserves the earliest evidence

for feathered wings with asymmetric feathers

capable of generating some useful thrust in flap-

ping flight, but anatomically it is more similar to

smaller-bodied dinosaurs, such as Velociraptor,

Deinonychus or Troodon, than to any modern

bird. It had none of the specialized skeletal struc-

tures found in later birds that anchor large flight

muscles and its aerial capabilities may have been

extremely limited.

The birds that followed Archaeopteryx, in the

Early Cretaceous, were also very dinosaur-like

(Figure 0.1). Taxa such as Jeholornis and Raho-

navis retained independentfingers in theirwings,

long bony tails, and, in some cases, sharp little

teeth. Surprisingly, other fossils of Early Creta-

ceous birds, such as those of Gansus and

Apsaravis already show the fused hand bones

(carpometacarpus) and footbones (tibiotarsus)

that are typical of modern birds. Gansus also

had a significant keel on its breastbone, which

suggests that it was also capable of sustained

flapping flight. The vertebrae at the end of its

vertebral column had fused to become a short

pygostyle similar the one that carries the tail fan

inmodern birds. The pygostyle and sophisticated

wrist joints imply that some Cretaceous birds

were able to use their tail fans and wing tips for

aerial maneuvers and control.

The skeleton of Gansus differed from those

of its contemporaries in another important way

that has been passed down to its descendants. The

tips of its pubic bones met but were not fused. By

the Mid-Cretaceous (100 million years ago (Ma)),

the pubic bones of ornithurine birds, such as

Ichthyornis, had lost even that level of connec-

tion. It and all more recent birds have no bony

structures that cross the lower abdomen. The eggs

and the gut are held in place solely by flexible

connective tissue and there are no skeletal con-

straints on egg size. The absence of skeletal con-

straints on egg-size allows the production of large

eggs and ultimately the altricial young, intensive

nestling care, and elaborate nest structures that

characterize the crown clades of living birds (Dyke

& Kaiser, 2010).

Although primitive versions of modern birds

appear in the Early Cretaceous, 120Ma

(Figure 0.1), their fossils are rather rare and we

know little about their global distribution. The

rich fossil beds of the Jehol Formation in China

suggest that early representatives ofmodern birds

successfully competed for resources with a vari-

ety of other feathered animals. However, the
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primitive pygostylian Confuciusornis is its most

abundant avian fossil, even though it soon dis-

appeared without known descendants. Some-

what later in the Cretaceous, birds must have

competed for resources with a variety of small,

feathered, arborial theropods, best represented by

Microraptor gui. The exceptional diversity of the

Jehol fauna may not have been a widespread

phenomenon but there, and elsewhere, early

ornithine birds competed for air space with

other major lineages that achieved global distri-

bution in the Cretaceous.

The membrane-winged pterosaurs were one of

the most diverse groups of flying animals in the

Cretaceous. They came in a wide variety of sizes

and had already achieved global diversity long

before the time of Archaeopteryx. Pterosaurs may

have been able to exclude birds from some specific

habitats but, in spite of their aerial habits, we have

no evidence of interactions with early birds. They

may have co-existed, just as bats and birds have

little interaction today.

More importantly the Neornithes had to

compete with a highly successful group of look-

alikes called ‘opposite birds’ or Enantiornithes

(Figure 0.1). Enantiornithines were not recognized

until 1981, when Cyril Walker (1981) noticed

subtle variations in the features in bird fossils

from several different parts of theworld. TheEnan-

tiornithines were capable of sophisticated flight

based on a triosseal pulley system in the shouder,

but the structure of their individual bones was

somewhat different. Enantiornithines had a boss

on the coracoid that articulated with a facet on the

scapula. In ornithurine birds, a boss on the scapula

articulates with a facet on the coracoid.

For many years the Mesozoic fossil record for

ornithurine birds was so sparse that it was easy

to believe that they did not begin to achieve

their modern diversity until after the great

extinction at the end of the Cretaceous. Not

only did potential competitors among the

small, feathered dinosaurs and the aerobatic

pterosaurs die out 65Ma but Enantiornithes dis-

appeared as well. In many places fossils of enan-

tiornithine birds are abundant enough to suggest

that they prevented or delayed the diversification

of ornithurine birds into some of the Cretaceous

habitats. The enantiornithines appear to have been

particularly abundant in terrestrial habitats, par-

ticularly in forests, where modern ornithurine

birds are currently so successful. However, both

fossils and tracks show that Mesozoic ornithurine

were able to exploit aquatic and transitional shore-

line habitats in which enantiornithine fossils were

rare or absent. The very early ornithurine Gansus

was fully aquatic (You et al., 2006), while abun-

dant remains of the later graculavids present evi-

dence for a wide variety of shorebird-like species in

the Mid-Cretaceous.

It has proven exceptionally difficult to find

fossils of Mesozoic birds that can be related to

extant lineages. Not only are ornithurine fossils

scarce but most consist solely of isolated ele-

ments or broken fragments. The handful ofMeso-

zoic species, such as Ichthyornis and

Hesperornis, that are represented by nearly com-

plete skeletons have become quite famous but

appear to have no modern relatives. Unfortu-

nately, the discovery of many well-preserved

and nearly complete specimens of early birds in

China has done little to clarify the situation.

Most of them represent archaic, long-tailed

birds with the rudimentary wings and unfused

feet of other dinosaur lineages. A great many of

them had teeth, a feature that clearly distin-

guishes them from any extant lineage. None of

them have a uncontroversially “modern” anatomy

and none can be linked to living forms.

For a while it seemed as though the Creta-

ceous avifauna would remain dominated almost

entirely by creatures only remotely related to

modern birds, but the story began to change

early this century. First with the discovery of a

100 Ma wing in Mongolia’s Gobi Desert (Kuroch-

kin et al., 2002) and then with the re-description of

a fossil from Cretaceous deposits in Antarctica

(Clarke et al., 2005). Both these fossil birds have

turned out to be the oldest known representatives

of the living order Anseriformes (Figure 0.1). The

detachedwingwas given the nameTeviornis and is

a member of a group of long-legged duck-like birds

called presbyornithids. The more complete Ant-

arctic fossil was named Vegavis. It is well enough
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preserved to be included in evolutionary studies

that rely on anatomical characteristics taken from

living birds. Both Teviornis and Vegavis appear to

be early diverging members of the anseriform fam-

ily tree.

Other named fossils from the Cretaceous that

might just turn out to be representatives of liv-

ing lineages – Palintropus, Lonchodytes, Tytthos-

tonyx – remain contentious, either in the

interpretation of their identifying characteristics

or in the precise age of thematrix fromwhich they

were extracted. The determination of their exact

relationship to modern forms must await further

analysis or the discovery of new material. If these

candidates are eventually demonstrated to be rep-

resentatives of extent lineages, it will be as mem-

bers of basal groups. None have characteristics

attributable to any of the crown clades of birds.

The two major problems facing paleontolo-

gists over the next few years will be the same

as those for the past century: “What did the

ancestor of modern birds look like?” and “Where

did the living groups birds come from?”However,

the potential answers to those questions have

already changed because our knowledge of Meso-

zoic birds has expanded greatly. Even in the late

20th centurywewere looking for amore reptilian

Ichthyornis to answer the first question and a

less-toothy version to answer the second. Now

the answer to the first question needs fossils from

the Late Jurassic or the very early Cretaceous to

tell uswhat the earliestmodern birds looked like,

an ancestor of Gansus that had not achieved

sustained flight. Unfortunately, to find such a

fossil one must be extremely lucky and appropri-

ate Jurassic strata are exceedingly rare globally. It

may be easier to answer the second question. All

we need are examples of a few recognizably mod-

ern groups from some of the richest fossil beds in

the world.
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1 Theropod Diversity and the
Refinement of Avian Characteristics

PETER J. MAKOVICKY AND LINDSAY E. ZANNO

Field Museum, Chicago, USA

Bird origins have been debated ever since Darwin

published his “Origin of Species,” and was subse-

quently challenged on the topic by Sir Richard

Owen, who pointed out the lack of transitional

fossil forms in the evolution of the highly derived

avian body plan. Indeed, Owen likely carefully

selected birds to make his point due to their

many unique traits and physiological features

such as flight, feathers, bipedality, and a remark-

able respiratory system in which the lungs are

connected to and ventilated by a complex system

of air sacs that pneumatize the skeleton. Within

two years of this debate, the discovery of the first

specimens of Archaeopteryx provided conclusive

evidence of avian evolution in the fossil record and

became the focal point for research and delibera-

tion on the topic for more than a century. While

the fossils of Archaeopteryx provided incontro-

vertible evidence for a reptilian origin for birds,

opinions varied as to which group of reptiles birds

may have originated from.

Following the discovery of the small nonavian

theropod Compsognathus in the same limestone

deposits as Archaeopteryx, Huxley (1868) pre-

sciently proposed an evolutionary relationships

between birds and nonavian theropods based on

shared traits such as three principal, weight-

bearing toes in the foot (confirmed by foot-prints),

a tall ascending process of the astragalus, and

hollow bones. Other contemporary evolutionary

biologists such as Cope favored an evolutionary

relationship between birds and ornithopod dino-

saurs such as hadrosaurs, based again on a three-

toed foot and a retroverted pubic shaft. While a

variety of ancestors or sister taxawere proposed for

birds, a broad consensus that they were related to

dinosaurs prevailed until the publication of the

English edition of Heilmann’s (1926) “Origin of

Birds.” Heilmann’s book presented a detailed

study of neontological, embryological, and fossil

evidence, all of which pointed to a theropod

ancestry for birds. Nevertheless, based on the

prevailing assumption of the time that dinosaurs

ancestors had lost their clavicles, their reappear-

ance in birds would violate Dollo’s (1893) law of

irreversibility. Heilmann therefore concluded

that the similarities between birds and theropods

were due to convergence, and that birds were

derived from more basal archosaurs that still

retain clavicles.

Due to the thoroughness of his book,

Heilmann’s (1926) hypothesis held sway for the

next four decades until the discovery and descrip-

tion of the mid-sized dromaeosaurid theropod

Deinonychus byOstrom (1969).Ostrom’s detailed

study of the skeletal anatomy ofDeinonychus led

him to recognize derived characters shared

between it and the basal bird Archaeopteryx

(Ostrom, 1976), and to the discovery of a misiden-

tified specimen of Archaeopteryx (Ostrom, 1970).

Living Dinosaurs: The Evolutionary History of Modern Birds, First Edition.    Edited by Gareth Dyke and Gary Kaiser.

© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-65666-2



Among the new traits that Ostrom mustered

to revive a theropod ancestry for birds are the

presence of a half-moon-shaped wrist bone that

allows the hand to adduct against the forearm as in

the wing-folding mechanism of living birds, and

a three-fingered hand with characteristic propor-

tions between the three metacarpals and phalan-

ges. FollowingOstrom’s work, progressivelymore

evidencehas been amassed to support this hypoth-

esis of avian origins, as a plethora of new fossil

discoveries continue to blur the morphological

distinction between birds and their closest thero-

pod relatives.

Over the past three decades, widespread adop-

tion of cladistic methodology for establishing

and testing proposed evolutionary relationships

has provided the conceptual framework for deci-

phering the origin and evolutionary history of

birds. Gauthier (1986) was the first to apply an

explicit cladistic parsimony analysis of theropod

relationships to the question of bird origins. In

doing so, he provided the first rigorous test of the

hypothesis of theropod ancestry and set the stage

for evaluating the evolutionary history of avian

anatomy, physiology, and behavior in a quantita-

tive framework. Subsequent decades have seen

a remarkable surge in the discovery of new ther-

opods, including fossil stem birds, with each dis-

covery spawning novel systematic analyses (for

reviews see Weishampel et al., 2004; Norell &

Xu, 2005; Benton, 2008) and further supporting

the hypothesis that birds are theropod dinosaurs.

To date, profound advances have been made in

teasing out the evolution of the avian body plan as

well as correlated physiological features and life

history parameters of modern birds. Likewise,

our knowledge of these traits in modern birds

and their anatomical correlates has been used to

yield insight into the biology of nonavian theropod

dinosaurs and to infer whether particular avian

traits originated before or after the origin of the

avian lineage itself. Here we provide a general

overview of the stepwise acquisition of the

avian body-plan throughout the theropod family

tree and discuss how the physiology of modern

birds is being used to reconstruct aspects of dino-

saur biology.

A ROADMAP TO THE DINOSAURIAN

HERITAGE OF BIRDS

Despite their radically different body plans,

birds inherited a mosaic of anatomical traits

from various stages of vertebrate history. A

host of discoveries over the past five decades

provide a detailed road map to how the highly

specialized avian anatomy was assembled over

the evolutionary lineage leading to birds and

demonstrates that many of the traits that are

considered uniquely avian among extant

amniotes actually arose before the origin of

birds themselves. While most of our understand-

ing of where birds fit into the tree of life comes

from study of hard tissues, dramatic new dis-

coveries in the past decade and a half are pro-

viding unprecedented insights on the evolution

of soft tissue systems (Schweitzer et al., 1999;

Xu et al., 2001) aspects of physiology (Varricchio

et al., 2002; Varricchio & Jackson, 2004;

Organ et al., 2007), and even behavior (Norell

et al., 1995; Varricchio et al., 1997; Xu & Norell,

2005).

That birds are archosaurs and the closest liv-

ing relatives to crocodilians has long been

inferred from shared derived traits such as a

four-chambered heart and thecodont dentition.

Virtually all birds possess an external mandibu-

lar fenestra, a synapomorphy of Archosauria

(Benton, 1990) and fossil avians also possess an

antorbital fenestra (Figure 1.1), also considered

a hallmark of this clade, although in extant

birds the latter opening is lost or merged with

the external nares through expansion of the

premaxillae and concomitant reduction of

other preorbital bones. Phylogenetic analyses

have identified numerous derived traits shared

by birds and various hierarchically arranged

subsets of archosaur diversity (Figure 1.1). A

comprehensive review detailing all of these char-

acters is beyond the scope of this chapter, so here

we concentrate on a select subset of traits and

evolutionary branching points that are most crit-

ical to understanding the evolution of the unique

avian body plan and its derived physiological and

functional correlates.
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Fig. 1.1 Guide to avian evolutionary history based on a simplified evolutionary tree of Archosauria. Key traits in avian

evolution are mapped onto the cladogram with their corresponding position indicated on the skeleton of Archaeop-

teryx. Note how traits are distributed throughout the skeleton revealing the mosaic assembly of avian anatomy

throughout ornithodiran evolution. See text for more detailed discussion of individual traits. Archaeopteryx recon-

struction by M. Donnelly.
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The deepest division among archosaurs is

between the lineages leading to the extant clades

Crocodylia and Aves. Each of these branches also

subtends numerous fossil clades, which were

dominant faunal elements during the Mesozoic.

The avian total group (¼ extant plus extinct

diversity after the split from the lineage leading

to Crocodylia) is known as Ornithodira and

is characterized principally by the possession of

a mesotarsal ankle joint (Figure 1.1), in which

the articulation between the foot and crus occurs

between the proximal and distal tarsals and

approximates a roller joint, restricting foot

motions to fore–aft swinging without a rota-

tional component. Ornithodirans are also char-

acterized by having a clearly defined femoral

head that is distinctly offset from the femoral

shaft. Besides birds, Ornithodira is comprised

of extinct dinosaurian subclades, pterosaurs,

and suite of lesser-known Triassic forms.

Many of these taxa, especially those within the

dinosauromorph clade, share the derived trait

of being bipedal, thus freeing the forelimbs to

evolve new functions including flight. Although

many large, herbivorous dinosaurs later re-

evolved a quadrupedal stance in concert with

the evolution of large body mass, all derive

from bipedal ancestors.

Dinosauromorphs, including birds, are united

in their possession of three principal weight-bear-

ing bones of the hind foot with the first and

especially fifth toes at least partially reduced

(Figure 1.1). Recent discoveries of dinosauriforms

and basal dinosaurs from Argentina and New

Mexico, USA provide new insights on the progres-

sive nature of the reduction and loss of weight-

bearing function in the first and fifth toes of the

ornithodiran foot (Nesbitt et al., 2009a).

Dinosauria,whichcomprises the bulkof known

ornithodiran diversity, is characterized by a fully

perforated acetabulum, in which the head of the

femur fits into a medially open socket formed by

the three hipbones.Thehead of the femur is angled

almost perpendicular to the shaft allowing the

hindlimbs to be brought under the body for a

fully upright, parasagittal gait. Triassic dinosaur-

omorphs such as Lagerpeton with partially open

acetabula (Sereno & Arcucci, 1993) reveal that the

acquisition of a fully open acetabulum occurred in

a gradual fashion spanning several branching

points at the root of the dinosaurian evolutionary

tree (Figure 1.1). Counterintuitively, birds fall

within the Saurischia, or “lizard-hipped” branch

of dinosaur diversity, rather than theOrnithischia,

the “bird-hipped” branch. Saurischians are united

by their possession of hyposphen–hypantrum

accessory articulations between the neural arches

of the trunk vertebrae, which are also marked by

lateral excavations on their neural arches presum-

ably housing diverticula of the respiratory system.

Hypantrum–hyposphen articulations were lost in

a later stage of bird evolution, but some fossil birds

such as Patagopteryx reveal that this trait was

present ancestrally.

Birds form part of the theropod radiationwithin

Saurischia. Progressive reduction of the hand

toward the tridactyl condition in birds is encoun-

terednear thebaseof the theropod radiation.When

present in basal theropods, the fourth digit is

clawless and the fifth digit, known in Eoraptor,

is reduced to a metacarpal splint devoid of

knuckles (Figure 1.2). Coelophysoids and more

derived theropods (Figure 1.1) display a reduction

in the number of carpals to five or less, and the

number of digits to four or less, although a fifth

metacarpal has been tentatively identified in

Dilophosaurus (Xu et al., 2009) indicating that

this process may have occurred in parallel in a

number of theropod lineages.Other shared derived

traits that reflect the deep theropod origins of birds

include a dorsally ascending process of the astrag-

alus, a fifth pedal digit reduced to only the meta-

tarsal, and the wishbone. As briefly mentioned

above, the presence of clavicles (whether fused

or not) has been a topic of debate in avian and

theropod systematics for the better part of a cen-

tury (Makovicky&Currie, 1998). Becausemanyof

the earliest dinosaur discoveries were of advanced

ornithopods and sauropodomorphs, taxa that

have lost their clavicles, these elements were

generally held to be absent in all dinosaurs,

leading to the subsequent misinterpretation

of theropod furculae as either interclavicles

(Makovicky & Currie, 1998) or fused gastralia

12 PETER J . MAKOVICKY AND LINDSAY E . ZANNO



(Chure & Madsen, 1996). Unfused clavicles are

now known to occur in prosauropods (Yates &

Vasconcelos, 2005) and some ceratopsians

(Brown & Schlaikjer, 1940), and fused clavicles

have been documented in an evergrowing list of

theropod taxa, indicating that this trait is likely a

synapomorphy of almost the entire clade (Smith

et al., 2007; Nesbitt et al., 2009b). Almost all

theropods with the exception of Herrerasaurus

also exhibit some degree of pneumatization on

the sides of the postaxial cervical vertebral centra,

with basal forms such as Tawa and coelophysoids

exhibiting fossae (Nesbitt et al., 2009a), while

more derived taxa have invasive foramina that

pierce the vertebral centra invading and excavat-

ing their interiors (Britt, 1997). These pneumatic

features correlatewith one of the avian respiratory

air-sac systems (see below). Coelophysoids and

more derived theropods are characterized by

a first toe in which the metatarsal is reduced

and no longer contacts the ankle (Figure 1.1) – in

most birds this toe is rotated on to the plantar

face of the foot and allows for perching in

arboreal forms.

Theropods exclusive of the basal coelophysoid

radiation that spanned the Late Triassic–Early

Jurassic, can be largely divided into the two

major lineages, Ceratosauria and Tetanurae.

Birds belong to the latter lineage, which

also includes such well-known denizens as

Fig. 1.2 Comparison of theropod mani showing

progressive reduction and loss of digits IV and

V and changes in the proportions of manus

elements. Eoraptor (A), Guanlong (B),

Sinornithosaurus (C), Archaeopteryx (D), and

Confuciusornis (E). Abbreviations: DI–V, digits

I–V. All specimens shown at the same scale.

[This figure appears in color as Plate 1.2.]
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Allosaurus, Tyrannosaurus, and Velociraptor.

Both clades radiated throughout the Jurassic and

Cretaceous giving rise to small- and large-bodied

forms. Ceratosaurs are characterized by a progres-

sive reduction of forelimb traits such as muscle

attachment areas and overall robustness of the

forelimbs, accompanied by a reduction of their

relative size in larger taxa.

Large bodied ceratosaurs such as Carnotaurus,

Majungasaurus, and Rajasaurus are grouped

together in the clade Abelisauridae, and are char-

acterized by very short, deep skulls adorned with

surficial sculpturing and evenhorn-like structures

in some species (Bonaparte et al., 1990; Sampson

et al., 1998; Sereno & Brusatte, 2008), as well as

heavy reduction of forelimb elements including

a completely unossified wrist and loss of phalan-

ges on most fingers (Chiappe et al., 1998). These

taxa have an almost exclusively Gondwanan

distribution during the Cretaceous, and have

been the subject of intense biogeographic debate

(Sampson et al., 2001; Sereno et al., 2004; Sampson

& Krause, 2007).

The Tetanurae have a greater knownMesozoic

diversity than do the ceratosaurs, and include

a wide range of both large and small taxa. Teta-

nuran theropods are characterized by a large suite

of synapomorphies, including presence of a max-

illary fenestra (Figure 1.1) rostral to the archosau-

rian antorbital fenestra and a fully horizontally

directed femoral head. All birds exhibit this last

trait, although the maxillary fenestra is only evi-

dent in Archaeopteryx, having been incorporated

into the naris in all living and most fossil avian

species.Most tetanuran taxa aremembers of three

principal groups, the Spinosauroidea, Allosauroi-

dea, andCoelurosauria, althoughmembership and

exact relationships among these three subclades

remain debated (Sereno et al., 1996; Rauhut, 2003;

Smith et al., 2007, 2008). Allosauroids and spino-

sauroids are predominantly large-bodied carni-

vores with body masses ranging from a few

hundred kilograms to as much as seven tons in

derived end-members of these clades, such as the

spinosaurid Spinosaurus and the carcharodonto-

saurid allosauroid Giganotosaurus. Allosauroids

are recovered as the sister clade to the

Coelurosauria in most cladistic analyses (Sereno

et al., 1996; Smith et al., 2007, 2008), through their

shared possession of traits such as perforatedmax-

illary fenestra, pneumatic openings on the axial

centrum, and a reduction of the ischiadic apron to

form an open obturator notch rather than an

enclosed fenestra. Both spinosauroids and allo-

sauroids were globally distributed during the

Late Jurassic and Early Cretaceous, but wane in

diversity during the latest Cretaceous, with the

coelurosaurian tyrannosaurids filling the domi-

nant carnivore niche at least on northern

landmasses.

Throughout most of the 20th century, carniv-

orous dinosaurs were taxonomically divided

according to body size with small to medium-

sized taxa grouped in Coelurosauria, and large

species lumped within Carnosauria. This taxo-

nomic scheme is artificial (Holtz, 1994) and recent

work demonstrates that large body sizes evolved

multiple times within Theropoda. Coelurosauria

has recently been redefined (Gauthier, 1986;

Sereno, 1999a) as the clade encompassing birds

and all theropods closer to birds than to Allosau-

rus, and encompasses the smallest known thero-

pods (hummingbirds) aswell as some of the largest

(T. rex), although all lineages appear to derive from

small to medium-sized ancestors. Coelurosaurs

are united by having a third opening, the promax-

illary fenestra, within the antorbital fossa,

although this is only recognizable in Archaeop-

teryx among birds as is the case with the maxil-

lary fenestra (Figure 1.1). Other traits uniting this

grouping include the presence of three tym-

panic pneumatic systems emanating from the

middle ear (more basal taxa only possess one or

two of these), an expanded and pneumatic

ectopterygoid (lost in neornithine birds), and

an expanded astragalar ascending process that

is twice as tall as it is wide and covers almost

the full width of the ankle. The manus is fully

tridactyl in most Coelurosauria (Figures 1.1

and 1.2C–E), although a few basal taxa such

as the basal tyrannosauroid Guanlong (Xu

et al., 2006) retain a splint-like vestige of the

fourth metacarpal (Fig. 1B). The large predatory

tyrannosauroids, the beaked and herbivorous
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(Kobayashi et al., 1999, Zanno & Makovicky,

2010) ornithomimosaurs, and small compsog-

nathids are generally considered to be basal

lineages within the coelurosaur radiation,

whereas birds and their closest taxa form a

more exclusive clade within Coelurosauria

known as Maniraptora. In the past decade, discov-

eries of numerous coelurosaur taxa sporting proto-

feathers, fully formed flight feathers (Ji et al., 2001),

andeven specialized feathers convergent ondisplay

structures in oscines (Zhang et al., 2008) have been

made in Jurassic and Cretaceous lake-bed deposits

of northeastern China. Together, these discoveries

indicate that possession of plumage covering most

of the bodywith the exception of the feet and snout

likely characterizes at minimum the coelurosaur-

ian node. The presence of hollow, fibrous integu-

mentary structures along the dorsal midline of two

ornithischian taxa and on the body of pterosaurs

indicates the presenceof such structures alonemay

be much wider among ornithodirans, though their

exacthomologyremainsunclear.Doubtshavebeen

cast regarding the presence of feather homologues

in various theropods (Lingham-Soliar et al., 2007;

Feduccia et al., 2005), and these have instead been

interpreted as collagen fibers derived from decom-

position of the skin in a specimen of the compsog-

nathid Sinosauropteryx. These claims are based

only on very selective comparisons between the

soft tissues of feathered nonavian theropods and

experimentallymanipulated integument on extant

reptiles and extant and extinct marine amniotes.

More appropriate comparisons to either birds or

reptiles from the same shale deposits that yield

the feathered theropods, representing equivalent

preservational conditions, were not conducted by

Lingham-Soliar and colleagues, and indeed dis-

missed with the tautological argument that ani-

mals with feathers are by definition birds and thus

need not be considered when testing for feather

preservation (Fedduccia et al., 2005). Two recent

studies (Zhang et al., 2010; Li et al., 2010) demon-

strate that the preservation of nonavian coeluro-

saur integumentary structures matches those of

unquestionable stem birds from the same rock

units and that they preserve melanosomes

imbedded within the keratinous matrix of the

feathers themselves, thus providing not only evi-

dence on the homology of these integumentary

structures, but also on the color and appearance of

these animals in life. Conversely, preservation of

a body outline composed of frayed and decom-

posing dermal layers has never been reported in

any of the hundreds of choristodere specimens

collected from these shale beds, casting doubt on

the conclusion that such decomposition patterns

should be observed in a dinosaur as posited by

Lingham-Soliar et al. (2007).

Maniraptorans are characterized by distin-

guishing traits including a half-moon shaped

wrist bone that is thought to represent a fusion

of thefirst and seconddistal carpal (Figure 1.1, trait

11).Apulley-likeproximal surfaceon this element

allows the hand to be flexed sideways toward the

forearm, and is responsible for the wing-folding

mechanism in birds. As with many other ana-

tomical traits relevant to understanding the

origins and relationships of birds, the refinement

of this particular synapomorphy accrued over

a range of branches in the phylogeny, and

incipient versions of this structure have been

recognized in more basal tetanurans such as

Allosaurus (Sereno, 1999b). A number of novel

evolutionary features in the thoracic skeleton,

which are known to play a role in avian respiration

(O’Connor & Claessens, 2005), further diagnose

some maniraptorans. These include presence of

enlarged sternal plates with extensive medial

contact and distinct facets for ossified sternal

ribs (Barsbold, 1983; Norell & Makovicky, 1999)

(Figure 1.1, trait 16) and uncinate processes span-

ning the thoracic ribs (Clark et al., 1999).

Maniraptoran fossils that preserve integumen-

tary structures reveal an increased complexity in

both feather types and morphology over the

simple filamentous structures observed in basal

coelurosaurs (Xu et al., 2001; 2010). Xu and

colleagues (2001) demonstrated a correlation

between the order of appearance of progressively

more complex feather types in maniraptoran evo-

lution with their order of development in avian

ontogeny, and it is clear that almost all basic

feather types known in birds had evolved earlier

in theropod evolution.
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Several aberrant cladesof theropodsare included

within theManiraptora. These include the herbiv-

orous Therizinosauria, whose theropod affinities

were strongly debated due to their unusual anat-

omy, butwhich are nowknown to possess unques-

tionable theropod hallmarks such as pneumatic

vertebrae, furculae, feathers, and a semilunate car-

pal that fuses in at least adult specimens of some

taxa (Kirkland et al., 2005). Another group with

unusual anatomy and debated affinities are the

Alvarezsauridae. Derived, small-bodied members

of this group discovered in Late Cretaceous sedi-

ments of the Gobi Desert exhibit a remarkable

mosaic of characters including loss of a postorbital

bar, a double-headed quadrate, a keeled sternum,

short but massive arms with an enlarged pollex

but reduction of the other fingers, a splint-like

fibula, and diminutive, supernumerary teeth

(Perle et al., 1993; Chiappe et al., 1998). A number

of these traits, such as the reduced postorbital,

streptostylic quadrate, keeled sternum, and

reduced fibula, are also encountered in birds

more derived than Confuciusornis, leading to ini-

tial hypotheses that these fossil taxa represent

flightless birds more derived than Archaeopteryx.

Subsequent discoveries ofmorebasal alvarezaurids

inArgentina led to the recognition thatmanyof the

avian-like characteristics of derived alvarezaurids

evolved convergently in birds, and most recent

studies agree that they represent basal manirap-

torans rather than members of the avian lineage

(Norell et al., 2001; Novas & Pol, 2002; Senter,

2007; Zanno et al., 2009).

Oviraptorosaurs represent another anatomi-

cally bizarre lineage, some members of which

exhibit remarkable convergenceonaviananatomy

in parts of their skeleton. When analyzed in

a limited context, such traits have also prompted

hypotheses that this clade represents secondarily

flightless birds (Maryanska et al., 2002), a conclu-

sion that is not supported in more rigorous and

comprehensive phylogenetic studies incorporat-

ing a greater array of both taxa and characters.

Such studies overwhelmingly posit oviraptoro-

saurs (often, but not always, in combination with

therizinosaurs) as sister to the clade Paraves that

encompasses birds and their sister taxon, the

sickle-clawedDeinonychosauria. Birds and deino-

nychosaurs are united by numerous apomorphic

features such as possessing retroverted pubes

(Figure 1.1, trait 19), an expanded and flexed cora-

coid that repositions the humeral articulation

closer to the vertebral column and imbues the

scapulocoracoid with an L-shaped profile, a prox-

imalulnaarticulationsubdivided into twodistinct

facets (Figure1.1, trait18),andashortenedtailwith

25 or less vertebrae of which the anterior ones are

short and box-like and distal ones are elongate and

cylindrical (Figure 1.1, trait 17). Most paravians,

including all birds, are also known to possess pri-

mary and secondary feathers with asymmetrically

developed vanes on either side of the rachis

(Figure 1.1, trait 20), a feature considered to be an

adaptation for aerodynamic function, but the

recently describedAnchiornis exhibits symmetri-

cal vane distribution on its primaries (Xu et al.

2009) as in the basal oviraptorosaur Caudipteryx,

complicating our understanding of how many

times this trait evolved.

Deinonychosauria comprises two distinct

clades, the Troodontidae and Dromaeosauridae,

which are united by the presence of a sickle-

shaped claw on the second digit of the foot (Fig-

ures 1.1 and 1.2, trait 21), and a triangular lateral

exposure of the splenial along the edge of the lower

jaw. A close relationship between dromaeosaurs

and birds was initially recognized by Ostrom

(1976) following his discovery and description of

the first relatively complete dromaeosaurid

Deinonychus (Ostrom, 1969), but some debate

persisted regarding the affinities of Troodontidae,

derived members of which share characters with

other coelurosaur clades and also lack some

paravian synapomorphies such as a retroverted

pubis. Discovery of a number of basal troodontids

from the Early Cretaceous Yixian and Jiufotang

Formation of China reveals that these traits are

homoplastic in derived troodontids, and that

Deinonychosauria is a natural grouping (Xu

et al., 2002). Many of the deinonychosaurs

recently discovered in China and elsewhere are

also significant because they represent the smal-

lest nonavian dinosaurs yet discovered (Xu

et al., 2000) and are comparable in body size to
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basal avian taxa such as Archaeopteryx and Jeho-

lornis (Turner et al., 2007; Xu et al., 2009). Some of

the small deinonychosaurs from these rock units,

such as Microraptor and Sinornithosaurus, pos-

sess vaned feathers on the hindlimb as well as the

forelimb (Xu et al., 2001; Xu & Zhang, 2005; Ji

et al., 2001), along with a frond-like arrangement

of the rectrices in a pattern like that of Archaeop-

teryx (Figure 1.3A). This four-winged body plan

may represent a transitional step in the evolution

of powered flight (Longrich, 2006; Hu et al., 2009),

though its optimization on the evolutionary tree is

complicated by the extreme similarity between

basal members of the three principle paravian

lineages and hence some phylogenetic lability

between them. The earliest instance of this

unique body plan is represented by Pedopenna

(Xu & Zhang, 2005; Figure 1.3B) and Anchiornis

(Hu et al., 2009), which are Middle Jurassic in age

and thus older than Archaeopteryx. More derived

deinonychosaurian taxa evolved larger body sizes

culminating in the 30 ft long Utahraptor.

The fossil record of Deinonychosauria was

until recently largely restricted to Cretaceous

deposits of the northern continents, but a slew

of recent discoveries of dromaeosaurids from

Fig. 1.3 (A) Skeleton of the dromaeosauridMicroraptor gui from the Yixian Formation of Liaoning, China, exhibiting

vaned, asymmetric feathers onboth fore- andhindlimbs. (B)Detail of hindlimbprimary feathers ofPedopenna from the

Middle Jurassic of InnerMongolia, China.Pedopenna is the earliest paravian fossil to exhibit vaned feathers and a four-

winged body plan. The inset shows a close-up of the aligned and parallel barbs on each vane that indicate the presence

of interlocking barbules, as well as the rachis. Note the large sickle claw characteristic of deinonychosaurians

(¼ dromaeosaurs and troodontids) on digit II of the foot. Scale bars equal 5 cm. (Photographs: P. Makovicky.) [This

figure appears in color as Plate 1.3.]
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Argentina (Novas & Puerta, 1997; Makovicky

et al., 2005; Novas & Pol, 2005) are evidence for

a Gondwanan radiation of these animals. The

discovery of the near-complete holotype of the

Gondwanan dromaeosaurid Buitreraptor (Mako-

vicky et al., 2005) provided evidence to unite all of

these different taxa into a single basal lineage, the

Unenlagiinae, whose split from the better-known

Laurasian dromaeosaurids may correlate with the

break up of Pangaea. The discovery of Gondwanan

dromaeosaurids also prompted a reinterpretation

of the purported basal bird Rahonavis as member

of the Unenlagiinae, demonstrating that the ske-

letons of basal deinonychosaurs and the earliest

birds are almost indistinguishable. Rahonavis is

characterized by hyperelongate forelimbs suggest-

ing that such flight-related proportions may have

arisenmore than once in paravian evolution, with

the main occurrence being characteristic of the

avian lineage (Figure 1.1, trait 22).

Apart from Archaeopteryx and a few other

species such as Jeholornis, most Cretaceous

avian fossils exhibit rapid evolution of the avian

body plan. Sapeornis is the most primitive bird to

possess a foreshortened tail with the distalmost

segments fused into a pygostyle (Figure 1.1, trait

23).Without a long tail to counterbalance the body

as in typical nonavian theropods, the last common

ancestor ofConfuciusornis andmore derived birds

evolved a posture where the knee is permanently

angled to bring the center of mass above the foot

and offset the loss of a long counterbalanced tail.

An ossified kneecap, which is unknown in non-

avian dinosaurs, is present in Confuciusornis and

more derived birds and serves to stabilize the bent

knee. Sapeornis and Confuciusornis are also the

basalmost avian taxa to exhibit a fused sternum

with an incipent sternal keel for anchoring

enlarged flight musculature, marking another

key step in the assembly of the modern avian

body plan. Both retain primitive theropod traits,

however, such as a functional grasping tridactyl

hand (Figure 1.2E), and Sapeornis and most Cre-

taceous birds retain dentition. Though some ther-

opods convergently lost their teeth, the avian bill

appears to have arisen at or very close to the origin

of the avian crown group.

NEW INFERENCES ON SOFT TISSUE,

PHYSIOLOGY, AND BEHAVIOR

The recent surge in dinosaur discoveries and

research has not only yielded a better understand-

ing of the skeletal evolution of theropods and

a more nuanced understanding of the stepwise

assembly of the unique avian body plan, but

also provided insights into the evolution of

avian physiology, reproductive biology, and even

aspects of their related behaviors. Through inte-

grative research incorporating fossil and neonto-

logical data, advances in our understanding of

modern birds are being applied back in time

to generate hypotheses regarding aspects of

dinosaurian biology lost in the fossil record

using phylogenetic history as a guide (Witmer,

1995). Here we review some recent advances in

our understanding of dinosaur biology based on

some of the most remarkable and informative

theropod fossil discoveries made to date and

new methodological approaches to the study of

fossilized remains.

Metabolism and respiration

A long-standing debate regarding dinosaurian

metabolic regimes has persisted for over 30

years (Chinsamy-Turan&Hillenius, 2004; Padian

& Horner, 2004), since the recognition that birds

are derived theropods prompted speculations that

they inherited their homeothermic physiology

from dinosaurian ancestors. Debates on physio-

logical inferences made on evidence such as his-

tological traits, the possible presence or absence of

turbinals, choanal position, and basic physiologi-

cal calculations have been inconclusive and

marred by attempts to draw wide-ranging conclu-

sions through oversimplified interpretations of

relatively limited (and often inaccurate) data.

The presence of a plumage of filamentous or

downy feather homologues covering the body in

a variety of coelurosaurs, including taxa that

presage evolution of vaned feathers with aerody-

namic functions, suggests that feathers evolved

in response to selective pressures other than

adaptation to aerodynamic locomotion (Norell
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&Xu, 2005; Li et al., 2010). Given the insulating

properties of feathers and the small size and

correspondingly high surface area to volume

ratio of most of the nonavian theropods dis-

covered with plumage, many authors have con-

cluded that feather evolution may in part have

been driven by a need for insulation, which in

turn implies an ability to generate metabolic

energy. A recent study of the histology of dino-

saurs has demonstrated that theropods tend to

have smaller osteocyte lacunae in their bones,

indicating smaller cell sizes (Organ et al., 2007).

Living birds have relatively smaller cells and

markedly lighter cell nuclei with far less redun-

dant DNA compared to other amniotes. Small

cell size facilitates increased basic metabolic

rates due to the higher surface to volume ratio

of the cells, and correlates with nuclear mass, so

it is thought that birds underwent active selec-

tion for smaller nucleus size. Organ and col-

leagues’ (2007) results robustly suggest that

this selective process began much earlier in

theropod history.

The high avian basal metabolic rate is in part

sustainedbyaunique respiratory system, inwhich

the incompressible lungs are ventilated by a com-

plex system of interconnected air sacs. Phyloge-

netic continuity has been established between the

pneumatic openings in the vertebral columns of

theropod dinosaurs and those of birds (Britt

et al., 1998; O’Connor & Claessens, 2005),

which are formed through ontogeny as the air

sacs invade adjacent bones. Five main air sac

systems are connected to the lungs either directly

or through their connections to one another in

birds. Of these five, the cervical, clavicular, and

abdominal air sac systems invade and pneumatize

vertebral, girdle, and even limb bones in birds.

Skeletal pneumatic features such as openings

into bones and honeycombed interior architecture

correlated with these systems have been recog-

nized in theropods, with vertebral pneumaticity

related to the cervical air sacs being virtually

ubiquitous in theropods (Britt et al., 1998). Hard

tissue correlates of the other two systems are less

common, but widespread enough throughout the-

ropod diversity to suggest that at least the last

common ancestor of ceratosaurs and tetanurans

possessed abdominal air sacs (O’Connor & Claes-

sens, 2005; Sereno et al., 2008), and that most

tetanurans potentially had a clavicular air sac

(Makovicky et al., 2005; Sereno et al., 2008). It

should be noted that air sacs do not always invade

skeletal elements in living birds and the degree of

pneumaticity is observed to correlate with life

history parameters such as body size and ecologi-

cal habits (O’Connor, 2009), so absence of pneu-

matic traces in bones of extinct theropods cannot

be taken as evidence for absence of air sacs, espe-

cially if such taxa are bracketed phylogenetically

by taxa with positive evidence for air sacs.

Reproductive biology

Recent discoveries of nesting or gravid manirap-

torandinosaurs fromMongolia (Norell et al., 1995;

Figure 1.4) and elsewhere (Varricchio et al., 1997;

Currie & Chen, 2001; Sato et al., 2005; Grellet-

Tinner & Makovicky, 2006) have yielded crucial

insights into the evolution of avian reproductive

biology. Examination of the histology of such

specimens (Erickson et al., 2007) has demon-

strated that many of them are not fully grown.

Assuming their association with nests is demon-

strative of a parental relationship, it suggests that

nonavian theropods and perhaps even the earliest

birds reached reproductivematurity before attain-

ing somaticmaturity (¼ cessation of growth). This

pattern was reinforced by a paleohistologic study

of four dinosaur taxa, inwhich reproductivematu-

rity was established from the presence of bony

tissues interpreted as medullary bone, which in

some living birds serves as a calcium reserve for

generating eggshell in gravid females (Lee&Wern-

ing, 2007).The concordance between these studies

indicates that nonavian theropods, including para-

vians, retained the primitive reptilian pattern of

reproducing before attainment of somatic matu-

rity as opposed to the modern avian reproductive

cycle in which somatic maturity is decoupled

from and precedes reproductive maturity (Erick-

son et al., 2007; Lee&Werning, 2007).Given that a

number of primitive avian taxa including Arche-

opteryx (Erickson et al., 2009), Confuciusornis
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(Chiappe et al., 2008), and Patagopteryx (Chin-

samy et al., 1994) reveal cyclical growth patterns

and multiple age classes like nonavian dinosaurs,

but unlike living birds which grow to maturity

very rapidly, the decoupling between growth rate

and reproductive maturity likely occurred later in

avian evolution.

Living birds exhibit a relatively complex set of

reproductive adaptations and behaviors relative to

other reptiles (Varricchio et al., 1997;Varricchio&

Jackson, 2004). Although dinosaur eggs and nests

have been known for well over a century, and

correctly recognized since 1923, remarkable dis-

coveries of dinosaur embryos or adults associated

with nests or eggs represent intermediate stages in

the evolution of the uniquely avianmode of repro-

duction. While most nonavian dinosaurs exhibit

clutches comparable to those of crocodilians in

terms of egg numbers and individual egg volumes,

at least somemaniraptoran taxa have significantly

larger egg volumes (Varricchio & Jackson, 2004)

indicating a shift toward the derived avian condi-

tion in this important parameter. Although clutch

sizes for well preserved nests of the nonavian

maniraptorans Troodon andCitipati scale accord-

ing to the same equations as in living birds, indi-

vidual eggs are about half the volume of an extant

avian egg for an animal scaled to corresponding

size. The eggs of these taxa are arranged in pairs

within the nest, demonstrating that nonavian

theropods still retained two functional oviducts,

rather than the single oviduct of extant avians

(Varricchio et al., 1997; Clark et al., 1999; Sato

et al., 2005). The dimensions of the pubic canal in

Fig. 1.4 Partial skeleton of an oviraptorosaur in brooding posture on a nest of its eggs. Egg identity has been

independently confirmed through embryonic remains. Specimens such as this reveal that these dinosaurs laid eggs

in pairs over protracted periods (diachronous laying), and brooded themwith direct contact indicative of synchronous

hatching. Such associations of eggs and sexually mature individuals are now known from multiple nonavian

maniraptoran taxa. (Photograph M. Ellison/AMNH) [This figure appears in color as Plate 1.4.]
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basal birds such as Archaeopteryx and Confuciu-

sornis, which retain a fused contact between the

pubes distally, compares more favorably with

those of nonavian theropods of similar size, rather

than to the unfused and expanded pelvic canals of

more derived birds. This suggests that individual

egg volume was smaller in these ancestral birds

than in modern taxa, and that they may have

retained two functional oviducts.

The relatively large volume of nonavian man-

iraptoran clutches compared to body size (Varric-

chio & Jackson, 2004) (Figure 1.4) precludes that

all eggs were retained within the female and then

deposited during a single laying event. Rather

these animals must have laid eggs over a pro-

tracted period of time as living birds do, a con-

clusion supported by analysis of the orientation

of egg pairs within individual nests. Coupled

with evidence for a brooding posture in indivi-

duals atop nests (Figure 1.4) (Norell et al., 1995;

Varricchio et al., 1997), and for synchronous

stages of embryonic development within one

clutch (Varricchio et al., 2002), this provides

compelling evidence that extinct maniraptorans

exhibited synchronous hatching like their living

relatives, but unlike more basal egg-laying

reptiles.

Taken together, these findings demonstrate

that birds inherited some components of their

complex reproductive biology such as nest care/

brooding, diachronous laying, and synchronous

hatching from nonavian ancestors, whereas

other components such as loss of one oviduct

and concomitant increase in egg volume plus

decoupling of somatic and sexual maturity

occurred within the avian lineage itself. Much

as with any of the other biological systems

discussed here, avian reproduction is a mosaic of

inherited traits many of which pre-date bird

origins combined with others that post-date this

event.

Brain evolution

Among amniotes, birds are characterized by large

relative brain sizes (measured as an encephaliza-

tionquotient (EQ) that takes the allometryof brain

to body-mass scaling into account (Jerison, 1973)),

with particularly enlarged optical lobes and

cerebellum thought to be adaptations for neural

control of flight. Despite popular misconceptions

regarding the brain size of nonavian dinosaurs,

theropods show a progressive increase in EQ

throughout their evolutionary history and recon-

structedEQvalues frombrain endocasts of various

extinct maniraptorans approach those of the basal

lineages of living birds (Dominguez Alonso

et al., 2004). Detailed three-dimensional exami-

nation of the brain of Archaeopteryx using com-

puted X-ray tomography (Dominguez Alonso

et al., 2004) demonstrates that the brain of the

basalmost avian taxon already possesses a bird-

like architecture with a pronounced pontine

flexure that displaces the hindbrain below the

mid brain, and enlargements of features thought

to be adaptations for enhanced neurosensory

control of active flight in modern birds, such as

enlarged optic lobes, a proportionately well devel-

oped cerebellum, and an enlarged inner ear with

expanded semicircular canals set in a modern

avian configuration. Some combination, though

not all, of these traits have also been observed in

nonavian coelurosaurs such as troodontids

(Norell et al., 2009), various oviraptorosaurs

(Balanoff et al., 2009), and ornithomimosaurs

(Balanoff et al., 2009). Parallel trends in relative

brain size evolution in birds and other manirap-

toran lineages such as oviraptorosaurs have been

noted, but there is little doubt that an elevated EQ

and expansion of certain parts of the brain in birds

was inherited from a more distant maniraptoran

ancestor. Thus, with regard to the evolution of the

unique avian brain, phylogeny again demonstrates

how highly derived avian traits were acquired in

stepwise fashion throughout theropod evolu-

tionary history.

ARE BIRD ORIGINS STILL CONTROVERSIAL?

While widely accepted by biologists and paleon-

tologists, the theropod ancestry of birds is not

without its critics. The hypothesis has been

challenged by a vocal, if small, opposition who
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have pointed to a number of perceived inconsis-

tencies in the theropod ancestry of birds. In gen-

eral, their challenges fall into several categories,

which include disagreements over homology of

various traits and structures, the seeming

‘temporal paradox’ in which most nonavian man-

iraptorans post-dateArchaeopteryx, and inconsis-

tency between inferred theropod paleobiology and

preferred scenarios of how some aspect of avian

evolution (often involving hypothetical interme-

diate forms)must have progressed. Indeed,most of

these challenges rely on a combination of all three

categories of arguments. A number of traits shared

by birds and various subsets of dinosaurs and

theropods, such as a broad ascending process

of the astragalus (Martin, 1991), the presence of

a furcula (Feduccia &, Martin 1998), homology of

the wrist and digit elements of the forelimb, and

even the presence of thecodont dentition in vari-

ous theropods, have been challenged (Martin &

Stewart, 1999). Many of these assertions, such as

whether a furcula is present innonavian theropods

or whether theropod teeth are truly thecodont are

simply based on inaccurate observations such as

that the interdental plates of some theropod

taxa including Archaeopteryx (Elzanowski &

Wellnhofer, 1996) represent separate ossifications

rather than being part of the dentary (Figure 1.5).

Others depend on indefensible assumptions that

structures be completely identical to qualify as

homologues, such as Feduccia & Martin’s (1998)

claim that variations in interclavicular angle of

the furcula between some birds and nonavian

theropods represent evidence of separate evolu-

tionary origins of these structures. Many such

misconceptions have been disproven by the

wealth of evidence amassed against them, but

continue to be cited indefinitely by those favoring

a nontheropod origin of birds.

Other challenges relating to the homology of

structures such as digit and wrist identity (Burke

&Fedduccia, 1997) and homology of the ascending

process of the astragalus, conflate primary homol-

ogy statements based on comparisons in fossils

with embryological observations on a limited set

of avian model taxa. For example, Martin &

Stewart’s (1985; see also Martin et al., 1980)

claim that the ascending process of the nonavian

theropod astragalus is fundamentally different

from the large spur of bone that emanates dorsally

from the avian astragalus, because the former is

termed a ‘process of the astragalus’ and the latter

Fig. 1.5 (A) Lower jaws of the Munich specimen of Archaeopteryx revealing the presence of interdental plates.

(B) Cross-section of the dentary ofAllosaurus revealing continuous histological ultrastructure between the bone below

the alveoli and the interdental plates and demonstrating that the latter are not separate ossifications. Abbreviations:

idp, interdental plates; sp, splenial; tg, germinating tooth. Specimens not to scale. (Photographs P. Makovicky.) [This

figure appears in color as Plate 1.5.]
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derives from a distinct center of ossification during

early embryology and isdubbed the ‘pretibial bone’,

is based more on the polemics of how these struc-

tures are named rather than on relevant observa-

tions of their topological relationships. Since the

embryology of nonavian theropods is unknown, it

remains undeniable that for the life stages that can

be compared across both living and fossil archo-

saurs, this tall, flat spur of bone that rises from the

ankle along the front the tibia is present in virtually

all birds and tetanurans, and is either significantly

smaller or absent in more distantly related taxa

(contra James & Pourtless, 2009).

Without question, the inconsistency between

identifying avian digits by comparison to archo-

saur fossils versus identifying them through

embryological studies of modern neornithines

has been the greatest point of contention between

the two opposing camps. In short, the dilemma is

rooted in the fact that the tridactyl handofArchae-

opteryx exhibits a phalangeal formula and inter-

elemental proportions that identify its digits as

representing the first three fingers of the primitive

pentadactyl amniote hand, whereas embryologi-

cal studies (Burke & Feduccia, 1997; Feduccia &

Nowicki, 2002; Larsson & Wagner, 2002) identify

these digits as arising from the limb bud conden-

sations that develop into digits II–IV in nonavian

amniotes.

Interpreting the results of these two different

methods for establishing digit identity at face

value, detractors of the theropod origin of birds

(Burke & Feduccia, 1997) conclude that the avian

and nonavian theropod hands cannot be homolo-

gous despite the dozens of primary homologies in

the shape, proportion, and number of wrist, hand,

and finger bones, which they dismiss as conver-

gence. Such a conclusion implicitly assumes

a one-to-one correspondence between condensa-

tions in the developing limb bud and ossified adult

structures, however, something that is untestable

in fossils for which corresponding life stages are

not preserved. The fundamental assumption of

one-to-one correspondence has been challenged

by experimental data that demonstrates consider-

able latent lability in the expression of chondrified

digits from various primary condensations (Dahn

& Fallon, 2000; Wagner, 2005), and by the recent

discovery of the basal ceratosaur Limusaurus (Xu

et al., 2009) which exhibits a reduced splint-like

digit I and unusual phalangeal formula, demon-

strating that theropod hand evolution is not as

stereotypical as was once believed. With this

assumption in doubt, the ‘digital mismatch’ can

no longer be invoked to disqualify the numerous

derived similarities of element shapes and propor-

tions inhandsof basal birds suchasArchaeopteryx

and other nonavian coelurosaurs. Moreover, these

experimental results support novelmodels of how

the embryology of the theropod hand evolved,

most notably the Frame Shift Hypothesis (Wagner

&Gauthier, 1999), which proposes a serial shift in

digit identity between the embryonic primordia

and chondrified digits over the course of develop-

ment. Predictions of this hypothesis with respect

to Hox gene expression patterns have been

recently confirmed with chicken digit II exhibit-

ing the digit I Hox-gene expression pattern of

pentadactyl taxa such as mouse and alligator

(Vargas et al., 2008). Furthermore, criticisms

that a wholesale frame shift affecting all digits

in a limb is not documented in any other amniote

taxon have recently been muted by the confir-

mation of a parallel case of a frame shift in the

Italian three-toed skinkChalcides (Wagner, 2005;

Young et al., 2009).

Another mainstay of the opposition to the the-

ropod ancestry of birds has been to point to a

supposed ‘temporal paradox’ (Feduccia, 1996),

namely the later occurrence in the fossil record

of the coelurosaurian and maniraptoran sister

clades to birds when compared to Archaeopteryx.

While the argument as a whole is based on the

mistaken assumption that taxa such asVelocirap-

tor represent avian ancestors rather than sister

taxa, and should therefore occur earlier in the

fossil record, it has also been rendered moot

by the recent discovery of several paravian taxa

that pre-date Archaeopteryx (Xu & Zhang, 2005;

Zhang et al., 2008; Xu et al., 2009).

A third persistent trend in the polemics sur-

rounding avian origins has been the construction

of scenarios circumscribing how a complex func-

tion such as avian flight or avian respiration
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evolved, followedby application of these scenarios

as a“test”of the fossil record.The sizediscrepancy

between basal birds and much larger paravians

such as Velociraptor and Deinonychus was long

cited as evidence that flight (and implicitly

birds themselves) could not have evolved from

such large and earthbound animals (Feduc-

cia, 1996), but discoveries of small maniraptoran

taxa of comparable size to Archaeopteryx (Turner

et al., 2007) and with possible arboreal traits (Xu

et al., 2001) have erased this argument. Similar

evidentiary concerns apply to other scenarios

based on the incorrect projection of parameters

of the anatomy and physiology of living birds onto

distant fossil ancestors that have been summoned

against a theropod ancestry of birds. For example,

Ruben and colleagues (Ruben et al., 1997)

attempted to argue that theropods had a crocody-

lian hepatic piston pump style of breathing based

on interpretation of discolorations inside the body

cavity of two exceptionally preserved compsog-

nathid specimens as defining the limits of a large

liver subdividing the thoracic cavity. However, in

both cases the limits of these discolorations have

been demonstrated to be preservational artifacts

(Currie & Chen, 2001).

With the notable exception of a recent paper

by James & Pourtless (2009), none of these chal-

lenges to the bird-theropod hypothesis have been

set within a modern phylogenetic context and all

have relied on selectively picking certain traits,

specimens, and observations while ignoring

others to construct narrative, scenario-laden

attacks on the theropod ancestry of birds. They

contribute little to the overall understanding

of how the derived avian body plan evolved

and have generally offered few alternatives for

avian ancestry, usually positing some vague,

paraphyletic assemblage of small bodied Triassic

reptiles as possible avian sister groups (Feddu-

cia, 1996), or arguing for a close relationship

between birds and crocodylomorphs based on

select dental and cranial traits that have a homo-

plastic distribution.

James & Pourtless (2009) recently presented

a detailed phylogenetic analysis to challenge the

premise of whether such analyses unequivocally

support a theropod ancestry for birds. While this

analysis certainly represents a step forward in the

debate, their effort is deeply flawed on a number

of counts. For one, they based their analysis on

a now outdated dataset developed to examine

generic-level interrelationships of coelurosaurs

(Clark et al., 2002), and thus focused on traits

uniting various maniraptoran genera to one

another, rather than on the traits more broadly

nesting birds within Theropoda. Citing many of

the older challenges to synapomorphies that sup-

port the birds-as-theropods, they eliminate a num-

ber of relevant characters of the wrist, hand, and

ankle while reinterpreting others to favor charac-

ter interpretations put forth by proponents of a

nontheropod ancestry of birds, sometimes in illog-

ical fashion. For example James&Pourtless (2009)

go to great length to defend Martin and collegues’

(1998) hypothesis that the hypocleideum of

enanationithines has a distinct embryological

identity from that of crown birds and proceed to

redefine the relevant character definition, yet

they never provide any insight on how such devel-

opmental distinctions are to be made on fully

ossified structures in fossil specimens. To this

decimated dataset they add a broad, but skewed,

sample of more basal theropods, crocodilians, and

the enigmatic and poorly preserved Triassic fossil

Longisquama, without a correspondingly suffi-

cient increase in character sampling to accurately

test the relationships of thediversity of added taxa.

Critically, they omit any basal crurotarsan taxa or

other Triassic archosauriforms necessary to prop-

erly evaluate the phylogenetic affinities of either

crocodylomorphs or the enigmatic Triassic fossil

Longisquama, despite the fact that taxon sam-

pling has been recognized as a key parameter for

achieving accuracy in phylogenetic analysis

(Poe, 1998; Graybeal, 1998). Remarkably, despite

such manipulations, inadequate taxon and char-

acter sampling, and mistakes in data scoring (e.g.

James & Pourtless’ (2009) statement that inter-

dental plates are absent in Archeopteryx;

Figure 1.5A), the primary signal of the original

data set examining the position of birds within

maniraptoran dinosaurs remains largely intact,

attesting to its robustness.
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To date, no credible alternative to the theropod

ancestry of birds enjoys much support from

the fossil record. Although, new fossil discoveries

offer the potential to challenge existing hypothe-

ses of relationships, when it comes to bird origins,

such discoveries have only served to further

strengthen the theropod origin hypothesis

through novel synapomorphies (e.g. wishbones,

wrist anatomy, feathers), reduction of gaps in

the fossil record, and bridging gaps in parameters

such as body size. In contrast, opposing viewshave

not been able to muster any new fossil taxa in

support of alternative hypotheses (vague as these

havebeen; Prum,2002) in thepast 25years, relying

instead on reinterpretations of a handful of

fossils that are either so poorly preserved (e.g.

Longisquama) or whose identity is so contested

(e.g. Protoavis) that consensus on their anatomy

and affinities is lacking.

CONCLUSIONS

Birds represent the most speciose and widespread

clade of amniotes and are characterized by

unique locomotory and physiological adaptations,

which have long fascinated humans and been the

focus of intense evolutionary and ecological

research. To fully understand these aspects of

avian biology we need to comprehend the origin

of birds and their traits in a historical context.

While avian origins remained unresolved for most

of the first century that followed Darwin’s publi-

cation of “On the Origin of Species”, a string of

discoveries of small- to medium-sized theropod

dinosaurs since the 1960s has identified an

inordinate number of derived characters shared

with birds.

Today there is little debate over the theropod

ancestry of birds. The accelerated rate of discovery

and description of well-preserved Mesozoic ther-

opods over the past decade and a half has not only

strengthened this hypothesis, but has also immea-

surably improved our knowledge of how avian

anatomy and biology evolved.

We now know that some avian hallmarks such

as the wishbone and skeletal pneumaticity have

much deeper origins near the base of the theropod

radiation, while others, such as feathers, evolved

closer to birds but still characterize a more inclu-

sive group of theropods. These discoveries also

allow inferences on which derived physiological

and behavioral traits of modern birds evolved

before the avian lineage itself, and which ones

came later. Paleohistological data suggest that

theropods had elevated basic metabolic rates

over those of living ectotherms, an inference cor-

roborated by the presence of feather homologues

in this clade, and by the growth rates approaching

those of metatherian mammals and basal avian

lineages (Erickson et al., 2001). Nevertheless,

extremely high modern avian growth rates and

decoupling between somatic and reproductive

maturity evolved much later within the avian

lineage itself. In similar fashion, birds inherited

proportionately large brain sizes from their coe-

lurosaurian ancestors, but the evolutionary trend

toward increased brain sizes continued within the

avian lineage such that modern birds generally

have larger encephalization quotient (EQ) values

than nonavian theropods.

The continuing pace of discovery as well

as technological advances in paleomolecular biol-

ogy, CT scanning, and biogeochemistry hold great

promise for future research surrounding the origin

of birds. While our understanding of this impor-

tant branching point in the tree of life has made a

quantum leap in recent years, much still remains

to be discovered about the earliest chapters in the

evolution of birds and their biology.
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Astrobiologists commonly use the term “Earth-

like Planet” in their search of the heavens for

another potentially habitable planet nearby in

the Milky Way Galaxy. But just what does

“Earth-like” mean? This question is far more

complex than it seems. If we define Earth-like

as having oceans, continents, and atmosphere in

modern quantities, it turns out that Earth-like

qualities are quite new. Over time the continents

have repeatedly changed position and size, and the

oceans have risen and fallen in their basins based

on the effects of gravity and tectonic changes

within the ocean basins themselves. But these

latter twoaspects of theEarth show far less change

than does the atmosphere. Our current atmo-

sphere is but a slice of a forever changing entity,

and greatly different from the atmosphere at most

times in Earth’s history. Since the composition of

the atmosphere greatly affects planetary tempera-

tures, it is probably safe to say thatEarth life iswell

adapted to the current atmosphere. Yet should

atmospheric conditions found at the end of the

Permian and end of the Triassic Period suddenly

exist in our current world, the result would be

calamitous. Those two not-so-ancient versions of

an Earth-like atmosphere very nearly wiped out

our furry ancestors some 250 million years ago,

and then again some 200 million years ago. Yet

while it is well-known that the mass extinctions,

of which the Permian and Triassic events are but

two of many (albeit two of the five most cata-

strophic), there is far less discussion about the

effects that “optimal” as well as dangerous levels

of various atmospheric componentsmay have had

on Earth life.

In this chapter we will briefly summarize how

one of the most important of atmospheric gases

(and for all those organisms with aerobic respira-

tion, themost important), oxygen,may have stim-

ulated formation of the most efficient respiratory

systemever evolved, and in sodoing paved theway

for the existence of birds.

OXYGEN THROUGH TIME

The first step in uncovering past atmospheric gas

compositions comes from understanding the car-

bon cycle, which comes with a long-term compo-

nent, the movement of carbon into, and out of

rocks, and a shorter term cycle, the movement of

carbon in and out of air, water, and organisms. It is

the long-term cycle that most importantly

affected the levels of oxygen and carbon dioxide

over the past 500 million years. The most impor-

tant processes affecting levels of oxygen have been

the rates of organic carbon burial and weathering.

Burning organic carbon-rich minerals or

compounds liberates greenhouse gases into the

atmosphere, while burying these organic rich
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compounds has quite another consequence: it

causes oxygen levels in the atmosphere to rise.

While the process of photosynthesis is producing

some oxygen, much of this free oxygen is then

destroyed when it combines with the organic com-

pounds and “oxidizes” them, by producing a new

compound that has oxygen bound to it. Thus, in

times when greater or lesser amounts of reduced

carbon compounds are buried, atmospheric oxygen

eithergoesup–ordown. Justhowmuchitgoesupor

downisjustnowbeingrealized,andwetheorizethat

theconsequencesoftheserisesandfalltothehistory

of lifehavebeen immense and remainvastlyunder-

appreciated as a driver of evolutionary change and

the resultant body plans onEarth at any given time.

Measuring the amount of oxygen now present

in ancient sediments is easily accomplished. But

measuring how much oxygen there was in the

atmosphere when that sediment was laid down

(or when some organism synthesized bone, leaf, or

shell) is impossible. There is no magic analysis

where some rock or fossil goes into amachine, and

out rolls a viable number representing the amount

of oxygen in the air of some chosen time long ago.

Instead, the best that we can do is estimate the

amount of oxygen in the atmosphere frommodels

taking into account many factors, including the

net accumulation (or weathering) of organicmate-

rial. Given an overall increase in burial rates of

organic (or reduced) carbon over time, such as coal,

atmospheric oxygen levels would have risen. The

inputs into these models include the aforemen-

tioned rates of burial and weathering of many

kinds of rocks, as well as the movement within

a second great elemental cycling system on Earth,

the sulfur cycle. These and other values, either

measured or estimated, have allowed develop-

ment of various analytical computer models

with the goal of arriving at credible estimates

of O2 levels at known times. The oldest of these

models, called the “GEOCARB” program

(Berner, 2004) estimates carbon dioxide, while a

derivative of this model called GEOCARBSULF

yields both oxygen and carbon dioxide estimates.

Of interest here, the GEOCARBSULF model cal-

culates O2 through time. A diagram showing the

various inputs and outputs is shown in Figure 2.1.

The results of GEOCARBSULF themselves

evolved through time as ever better estimates

and measurements of the many inputs into the

model have been discovered. The latest estimate

prior to our writing this chapter was produced in

mid-2009, and is shown in Figure 2.2. The most

striking aspect of this curve is the large “spike’ in

oxygen levels about 300 million years ago (Ma),

and the nadirs both before and after this oxygen

Fig. 2.1 Cartoon to show long-term global cycles of

carbon and sulfur over time.

Fig. 2.2 Oxygen through time – two different estimates

fromGEOCARBSULFmodel outputs (Berner, 2009). The

arrow approximates the time of thefirst dinosaur appear-

ances: 230 million years ago in Madagascar, and 227

million years ago in South America.
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maxima. It is these three points on the graph that

may have had the greatest effect on the history of

life. All three are relevant to the discussion of why

dinosaurs with their particular body plans

evolved.

The first of the great nadirs in oxygen levels

occurred about 360Ma, a timewhen theDevonian

mass extinction, one of the five most devastating

of all mass extinctions, was playing out. This

event may even have been caused by the combi-

nation of lowoxygen andhigh global temperatures

in the Givetian Stage of the Devonian Period,

based on new research by graduate student Kelly

Hillbun of the University of Washington. Its rel-

evance to the bird story comes from the effects this

downturn may have had on land vertebrate life.

We have previously shown (Ward et al., 2006) that

the “conquest” of land by early vertebrates and

arthropodswas stymied by falling oxygen levels in

theDevonianPeriod. Perhaps originally instigated

by what appears to have been the 400Ma spike in

O2 during the Silurian and EarlyDevonian Periods

to levels asmuch as 26% (compared to themodern

day level of 21%), the falling oxygen level begin-

ning in the Middle Devonian was relatively rapid

and catastrophic, bottoming out at levels of as

little as 13%, or half the levels of only some few

millions of years before this bottom. The effect on

life was catastrophic (>50% extinction of species)

and resulted in what came to be known as

“Romer’s Gap”, a period during the oxygen low

when few fossils of either arthropods or land ver-

tebrates are known. Re-diversification only came

about tens of millions of years later, in the Car-

boniferous Period, and once again this diversifica-

tion appears to have ridden on the wings of rising

oxygen. This is the second of the most noticeable

aspects of the GEOCARBSULF output.

The oxygenhigh of theCarboniferous had rami-

fications for terrestrial vertebrates that continue

into the present day. It looks as if most clades of

amphibians and stem reptiles evolved either

immediately before or during the pronounced oxy-

gen high.While data on this are still few, the work

of Vandenbrooks (2006) demonstrated that alliga-

tors show optimal development when oxygen in

rearing chambers was raised to 27%. Both higher

and lower O2 levels slowed development. But this

time of high oxygen did not last. By the last half of

the Permian, oxygen levels began to plummet,

with their second major minimum occurring in

the Triassic, or perhaps twice in the Triassic, with

a slightMid-Triassic rise in between. In any event,

the Late Triassic was a time with low oxygen

compared to the modern day. It was also the

timewhen two of themost successful of all clades,

the dinosaurs and true mammals, first appear in

the record. They appear at the third of the great

inflections in the Berner oxygen curve: the late

Triassic. The currently oldest known dinosaur

fossils come from Madagascar strata dated to

230Ma. The previously oldest known, and still

very old for dinosaurs, was fromArgentina, where

227Ma dinosaur fossils have been found.

RESPIRATION AND BIPEDALISM

The fossil record shows that the earliest true

dinosaurswere bipedal, and came frommore prim-

itive bipedal thecodonts slightly earlier in the

Triassic. Thecodonts (diapsids) were the ancestors

of the lineage giving rise to the crocodiles as well,

and may have been either warm blooded or head-

ing in that way. We see bipedalism as a recurring

body plan in this group, and there were even

bipedal crocodiles early on. Why bipedalism, and

how could it have been an adaptation to low

oxygen? Our view is that the initial dinosaur

body plan, of a gracile body, long tail and bipedal-

ism evolved as a response to the problem that

many four legged lizards encounter – it is more

difficult to breath while running because of the

position of the four legs, and the swinging side to

side motion of the thorax during locomotion in

quadrupeds compresses the lung on one side. This

is known as Carrier’s constraint, and surely it

affected extinct as well as extant species with

the splayed leg body plan. In our view, bipedalism

evolved as a response to the low oxygen in the

Middle–Late Triassic. With a bipedal stance the

first dinosaurs overcame the respiratory limita-

tions imposed by Carrier’s constraint. The Trias-

sic oxygen low thus triggered the origin of
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dinosaurs through formation of this new body

plan.

Modern day mammals show a distinct rhythm

by synchronizing breath–taking with limb move-

ment. Horses, jackrabbits, and cheetahs (among

many other mammals) take one breath per stride.

Their limbs are located directly beneath the mass

of thebody, and to allow this the backbone in these

quadruped mammals has been enormously stiff-

ened compared to the backbones of the sprawling

reptiles. The mammalian backbone slightly bows

downward and then straightens out with running,

and this slight up and down bowing is coordinated

with air inspiration and exhalation. But this sys-

tem did not appear until true mammals appeared,

in theTriassic. Even themost advanced cynodonts

of the Triassic were not yet fully upright, and thus

would have suffered somewhatwhen trying to run

and breath. Obviously, all birds, not just the obli-

gate ground runners, suffer from Carrier’a

constraint.

By running on two legs instead of four, the lungs

and rib cage are not affected. Breathing can be

disassociated from locomotion – the bipeds can

take as many breaths as they need to in a high-

speed chase. At a time of low oxygen, but high

predation, any slight advantage either in chasing

downprey, or running frompredators – even in the

amount of time looking for food, and how food is

looked for, would have surely increased survival.

Had bipedalism and the respiratory advantage

given by this new body been the only possible

adaptation to low oxygen, it would be hard to

make the case that the dinosaur body plan was

related to oxygen levels. But the dinosaurs evolved

a second, and even more advantageous adaptation

to low ambient oxygen – what is now called the

avian air sac system, first invented by the avian

precursors, the dinosaurs.

Air sacs and pneumatized bones

Birds, like reptiles, have septate lungs that are

small and somewhat rigid. Thus bird lungs do

not greatly expand and contract as ours do on

each breath. But the rib cage is verymuch involved

in respiration, and especially those ribs closest to

the pelvic region are very mobile in their connec-

tion to the bottom of the sternum, and this mobil-

ity is quite important in allowing respiration. But

these are not the biggest differences. Very much

unlike extant reptiles and mammals, these lungs

have appendages added to them known as air sacs,

and the resultant system of respiration is highly

efficient. When a bird inspires air, it goes first into

the series of air sacs. It then passes into the lung

tissue proper, but in so doing the air passes but one

way over the lung, since it is not coming down a

trachea but from the attached air sacs. Exhaled air

then passes out of the lungs. The one way flow of

air across the lung membranes allows a counter

current system to be set up – the air passes in one

direction, and blood in the blood vessels within

the lungs passes in the opposite direction. This

countercurrent exchange allows formore efficient

oxygenextractionandcarbondioxide venting than

are possible in dead-end lungs.

In Figure 2.3 the various air sacs are shownwith

their communication to the lungs. It is clear that

thevolumeof air sacs far exceeds thevolumeof the

lungs themselves. The air sacs are not involved in

removing oxygen; they are an adaptation that

allows the countercurrent system to work.

There is no question that the greater efficiency

of this system compared to all other lungs in

vertebrates is related to the two-cycle, counter

current system produced by the air-sac–lung anat-

omy in birds as evidenced by the well known,

higher tolerance to hypoxia of birds compared to

mammals and reptiles: birds cannot only exist but

can undertake the costly exercise of flying to at

least 33,000 feet (bar headed goose, observed above

theHimalayaMountains by highflying airplanes),

where there are oxygen levels that are fatal to

mammals. It has been estimated that a bird is

33% more efficient in extracting oxygen from

air than a mammal, at sea level. But at higher

altitude this differential increases: a bird at 5000

feet in altitude may be 200% more efficient at

extracting oxygen than a mammal. This gives the

birds a huge advantage over mammals at living at

altitude.And if such a systemwere present deep in

the past, when oxygen even at sea level was lower

than we find today at 5000 feet, surely such a
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design would have been advantageous – perhaps

enormously so – to the group that had it in com-

peting or preying on groups that did not.

But when did this system first appear, and in

how many groups? We know that birds evolved

fromsmall bipedal dinosaurs thatwereof the same

lineage as the earliest dinosaurs – a group called

Saurischians (Chapter 1). The first bird skeletons

come from the Jurassic. But the air sacs attached to

bird lungs are soft tissue, and would fossilize only

under the most unusual circumstances of preser-

vation. Thus we do not have direct evidence for

Fig. 2.3 The air sac system in the lungs of birds (above) and respiratory cycles (below). The cranial, cervical, and

vertebral air sac positions are based onnewdata,while the caudal air sacs are partially encased in bones of the bird, thus

creating “pneumatized” bones. On the first inspiration, air is taken into the air sacs. It thenmoves to the lungs on the

second inspiration.
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when the air sac system came about. But we do

have indirect evidence, enough to have stimulated

the “air-sac in dinosaurs group” to posit that all

saurischian dinosaurs had the same air sac system

as do modern birds. The evidence for an air sac

system in ancient organisms can be deduced

entirely from well-preserved skeletons. The evi-

dence is the presence of:

1 pneumatic bones, especially in the vertebral

column;

2 shortening of the trunk of the body;

3 shortening of the first dorsal ribs;

4 elongation and increased mobility of posterior

ribs – thismobility is enabled by the presence of

ribs with double heads at their ends;

5 uncinate processes on several of the ribs (these

are small, hook-shaped bones attached to the

trunk ribs);

6 a hinge joint making up the attachment of the

ribs with the sternum.

THE EVOLUTION OF THE AIR SAC SYSTEM

The complex air-sac–lung system found in birds

had to have evolved from a reptilian, sac-like lung,

and all evidence indicates that this happened in

the middle Triassic. The most primitive thero-

pods from this time (the first dinosaurs) do not

show bone pneumatization, but their ribs became

double headed, showing that the rib cage itself

was capable of a great ventilation capacity. Per-

haps as a consequence of going bipedal, these

dinosaurs may have switched from the more

primitive abdominal pump system to the first

air sac system – one with only the abdominal

air sac found in modern day birds. Soon after,

descendents of these first dinosaurs, forms such

as the well known, Late Triassic Coelophysis,

show the evidence of the bone pneumatization,

consistent with the proposal that more air sacs

had evolved, this time those in the neck region.

With the Jurassic forms such as Allosaurus, the

air sac system may have been essentially com-

plete (but still much different from the bird sys-

tem,modified as it has been for flying, for even the

modern day flightless birds came from flyers in

the deep past), with large thoracic and abdominal

air sacs.

By the time that Archaeopteryx had evolved in

the middle part of the Jurassic, there may have

been a great diversity of respiratory types among

the dinosaurs, some with pneumatized bones,

some without. There also may have been a great

deal of convergent evolution going on. For

instance, the extensive pneumatization in the

large sauropods studied with such care by Wedel

may have arisen somewhat independently from

the saurischian carnivores (Wedel, 2003)

Perhaps the greatest contribution to the subject

of air sacs both modern and ancient was the sem-

inal paper by O’Connor & Claessens (2005). They

pointed out that the entire community has mis-

understood which air sacs penetrate which bones

in birds. By injecting liquid rubber into the air sacs

of modern birds, they showed that the sacral, or

tail ward parts of the body are most important in

producing the characteristic “bird breathing” pat-

tern. They also showed a great variability in mod-

ern bird pneumaticity, with diving birds showing

different patterns from small flyers, and different

again among ground dwellers and birds of large

size. With this new and improved understanding

of the size, morphology, and positions of pneuma-

tized bones and their attendant air sacs, O’Connor

& Claessens (2005) then showed evidence of

nearly identical holes in homologous bones of

found in saurischian dinosaurs.

Why would this the air sac system have

evolved? First, metabolism. If we accept that at

least some dinosaurs were warm-blooded, then it

is immediately apparent that they would have

needed of highly efficient oxygenation mechan-

isms; and this would be even more important in a

low oxygen world. All modern (cold blooded)

reptiles have to warm up at the start of the day,

and thus there is little earlymorning activity other

than behavioral movement to acquire heat from

the external environment. If the first bipedal dino-

saurs – all predators – did not have to do this, they

would have been able to forage freely on the slower

ectotherms in the morning or nighttime hours.

But what is the price paid for this? At rest, all

endotherms use as much as 15 times the amount
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of oxygen as do ectotherms (there is a 5–15 times

range based on experimental observation). In our

oxygen-rich world this is not a problem for the

warm-blooded animals. There is so much oxygen

available that there is no penalty. But in the oxy-

gen-poor Late Triassic and into the Jurassic, such

was surely not the case. And the energy and oxy-

gen necessary for endothermy would not have

been necessary if the dinosaurs moved toward

large size.With larger body size the ratio of surface

area (from which heat is lost) to body volume

becomes increasingly favorable.

DINOSAUR SURVIVORSHIP ACROSS THE

TRIASSIC–JURASSIC BOUNDARY

The end Triassic mass extinction was one of the

so called “Big Five”: one of the five most cata-

strophic of all mass extinctions. It took a toll on

all kinds of life, and vertebrates were not spared.

As with any mass extinction, clues to cause can

be found by comparing “winners” (survivors) and

losers (those clades undergoing complete extinc-

tion). In this case the biggest winners, in that they

were the only clade to actually increase in num-

bers across the Triassic–Jurassic (T–J) boundary,

were the saurischian dinosaurs. This can be

tracked with synoptic data, but this finding is

supported by a local finding. Olson et al. (2002)

noted that the size, abundance, and diversity of

dinosaur footprints increased across the T–J

boundary in the Newark Basin, the site where

footprint records are perhaps best preserved for

this time interval. These authors, who (then)

favored large body impact as the largest single

cause of the T–J mass extinction, have more

recently abandoned the impact hypothesis for

this event. Whatever the cause, it must have

somehow favored survivability of those clades

that were pneumatized.

The synoptic data at hand for this event are

shown in Figure 2.4, which looks at families of

vertebrates and classifies them by hypothesized

lung type. The two aspects of this graph that are

most notable are that the saurischian dinosaur

body plan somehowconferred higher survivability

than the others, and that even after the extinction

was long over, in fact over most of the Jurassic

Period, vertebrate diversity including dinosaurs

remained low. This is contrary to our usual view

of the Jurassic as a time of highly diverse dinosaur

genera. This problem can be further assessed by

looking at the number of dinosaur genera with

respect to atmospheric oxygen in the Jurassic.

OXYGEN AND DINOSAUR DIVERSITY

The oxygen curve shown on the page before

(Figure 2.2) indicates that oxygen did not begin

to significantly rise till the second half of the

Jurassic Period. With this in mind it is instructive

to compare a detail of the oxygen curve (from the

Late Triassic through Cretaceous Period) with

dinosaur diversity. For the latter we have relied

on the work of Fastovsky et al. (2004) plotted

against a GEOCARBSULF oxygen estimate for

the time over which dinosaurs (at least the non-

avian dinosaurs) existed.

The Fastovsky et al. (2004) data (Figure 2.5)

showed dinosaur genera staying roughly constant

from the time of the first dinosaurs in the late

Fig. 2.4 Survivorship across the Triassic–Jurassic

boundarymass extinction. The groups are put into larger

clades, but the data making up the spindles are number

of genera taken at the stage level. (Diagram from

Ward (2006), with permission.)
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Middle Triassic and Late Triassic throughmost of

the Jurassic. It is not until the latter part of theLate

Jurassic that dinosaur numbers started to rise

significantly, and this trend then continued inex-

orably to the end of the Cretaceous, with the only

(and slight) pause in this rise coming in the early

part of the Late Cretaceous, and this slight drop

may be due to the very small number of localities

knownof this age yielding dinosaurs. By the end of

the Cretaceous (in the Campanian Stage) there are

hundreds of timesmore dinosaurs than during the

Triassic to Upper Jurassic. So what was the cause

of this great increase?

The relationship shown in Figure 2.5 suggests

that oxygen levels have either played a major role

in dictating dinosaur diversity, directly (by phys-

iological effects on the animals themselves)

or indirectly (by somehow affecting success of

dinosaurs through food supply or available habitat

area). Through the Late Triassic and first half of

the Jurassic, dinosaur numbers were both stable

and low. While originating in the latter part of the

Triassic, they stayed relatively few in number

until a moderate rise at the end of the period – a

rise that seemed to coincide with the end-Triassic

mass extinction itself. Gradually, if the oxygen

results from GEOCARBSULF are even approxi-

mately correct, oxygen rose in the Jurassic, hitting

15% or more in the latter part of the period. It is

then that the numbers of dinosaurs really begin to

increase. It is also at this time that the sizes of

dinosaurs increased as well, culminating in the

largest dinosaurs ever evolved appearing from lat-

est Jurassic into the first half of the Cretaceous.

Oxygen levels steadily climbed through the Cre-

taceous, and so too did dinosaur numbers, with a

great rise in dinosaur numbers found in the Late

Cretaceous, the true dinosaur heyday. It must be

noted that of the two great stocks of dinosaurs, the

saurischians and ornithischians, it was the latter

that made up the greatest number of new forms in

the Cretaceous. Because these species were with-

out pneumatization, as well as being mainly her-

vibores (and thus less active than saurischian

carnivores, all with pneumatization) it appears

that oxygen had to rise to certain thresholds for

ornithischians to get first a toe-hold, and then

dominance among herbivorous animals of the

latter parts of the Mesozoic.

There were surely other reasons for this Cre-

taceous rise. For instance, in mid-Cretaceous

times the appearance of angiosperms caused a

floral revolution, and by the end of the Creta-

ceous Period the flowering plants had largely

displaced the conifers that had been the Jurassic

dominants. The rise of angiosperms created more

plants, and sparked an insect diversification.

More resources were available in all ecosystems,

and this may have been a trigger for diversity as

well. But even with these caveats, the correlation

between numbers of dinosaurs and oxygen levels

is clear.

Fig. 2.5 Atmospheric oxygen percentage plotted against

number of dinosaur genera. This figure supports the

hypothesis that higher oxygen supported a higher diver-

sity of dinosaurs. Part of the reason for thismay be due to

the fact that rising oxygen levels opened up more hab-

itable areas at altitude, a prediction from Huey &

Ward (2005). (Diagram from Ward (2006), with

permission.)
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CONCLUSIONS

The fact that the air sac system survived the

Triassic mass extinction, which killed off many

of the more common lineages of Triassic animals,

such as the phytosaurs, most cynodonts, and

many primitive reptilian groups, is, to us, persua-

sive. The filter that was the Triassic mass extinc-

tion was one where method of respiration

seemingly mattered. One of us (Ward, 2006)

showed that of the various lung types present at

the beginning of this extinction, the clades with

air sac respiratory system not only survived

unscathed, but actually increased in numbers

just before and just after themass extinction itself.

The most parsimonious explanation as to why

there were dinosaurs, and why there are birds, is

because of the low atmospheric oxygen during the

Triassic Period.
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Birds are the most diverse group of living land

vertebrates on the planet, yet the origin of the

clade is one of the most heated and longest

debates in scientific history (Witmer, 2001,

2002). Recent years have witnessed incredibly

rapid growth in the fossil record of Cretaceous

birds and theropod dinosaurs and today, the idea

that birds are part of the diverse evolutionary

radiation of maniraptoran theropods is nearly

universally accepted and supported by similari-

ties in skeletal morphology, egg structure, behav-

ioral patterns, integument, bone histology, and

genome architecture (Figures 3.1–3.5; Gauthier,

1986; Chiappe, 2001, 2007, 2009; Holtz, 2001;

Norell et al., 2001; Padian et al., 2001; Clark

et al., 2002; Erickson, 2005; Schweitzer et al.,

2005, 2007; Xu, 2006; Organ et al., 2007; Long &

Schouten, 2008). This wealth of multidisciplin-

ary evidence supports the hypothesis that extant

birds are living maniraptorans and suggests that

many “avian” morphologies and behaviors

evolved early in their evolutionary history. The

clues necessary to better understand the unique

attributes of modern birds clearly lay buried with

the fossils of their extinct Mesozoic relatives.

Historically, our knowledge of the Mesozoic

avifauna has been greatly limited to the Late

Jurassic Archaeopteryx (von Meyer, 1861) and

the Late Cretaceous “Odontornithiformes” of

North America (Hesperornis and Ichthyornis;

Marsh, 1880). The anatomy of these Late Creta-

ceous birds testified to an enormous gap in the

early history of the group when compared to the

morphology of the older and much more primi-

tive Archaeopteryx, making it difficult for early

scientists to understand the early evolution of

and within the clade. In the late 20th century,

new avian fossils began to be uncovered around

the world (Elzanowski, 1977; Walker, 1981;

Martin, 1983; Hou & Liu, 1984; Sanz et al.,

1988; Chiappe & Calvo, 1991; Sereno & Rao,

1992; Chiappe et al., 1999); in China alone, hun-

dreds of specimens of EarlyCretaceous birds have

been uncovered during the past 20 years and

discoveries continue at an unprecedented rate

(Zhou & Zhang, 2006; Chiappe, 2007). These

discoveries have revealed numerous new clades

and filled much of the anatomical and temporal

gaps that previously existed, making the study of

early birds one of the most dynamic fields in

vertebrate paleontology today.

At the same time, spectacular discoveries of

nonavian theropods with avian features from

China and Mongolia have documented a range

ofmorphologies and behaviors previously thought

to be unique to birds (Norell et al., 1995; Chiappe
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et al., 1998; Xu&Norell, 2006; Turner et al., 2007;

Xu et al., 2009b). To date fossils in support of the

phylogenetic placement of birds within the man-

iraptoran theropods are largely of Cretaceous age,

although important evidence from Jurassic man-

iraptorans contemporaneous or even older to

Archaeopteryx has begun to accumulate (Xu

et al., 2001, 2009a; Xu & Zhang, 2005; Zhang

et al., 2008a; Choiniere et al., 2010). Altogether,

this evidence highlights a great deal of evolution-

ary experimentation within the theropod clade

around the divergence of birds, with a number of

different lineages evolving awide range of features

previously viewed as strictly avian.

THE THEROPOD HYPOTHESIS OF THE

ORIGIN OF BIRDS

Prior to the inundation of new fossil material

spanning across the evolutionary transition

between nonavian theropods and birds, there

existed a number of competing hypotheses sug-

gesting non-dinosaurian origins for Aves. These

alternative hypotheses envisioned the avian

ancestor as either a crocodylomorph (Walker,

1972; Martin & Stewart, 1999; Martin, 2004;

Kurochkin, 2006), a basal archosauriform

(Welman, 1995), or as other types of archo-

saur-related animals of Triassic age (Feduccia,

1996). These hypotheses have been largely aban-

doned in the absence of support for such an

origin, yet there still exists opponents to the

theropod hypothesis (while accepting a dinosau-

rian origin for birds) and those who place

Aves outside of the dinosaurian clade entirely

(Feduccia, 1996; Martin, 1997, 2004; Kurochkin,

2006; James & Pourtless, 2009). Despite the

persistence of such hypotheses, cladistic analy-

ses and numerous lines of evidence support a

dinosaurian ancestry for birds specifically

within the maniraptoran theropod clade (Figure

3.1; Gauthier, 1986; Sereno, 1999; Clarke et al.,

2002; Turner et al., 2007).

The skeletal morphologies of birds and nona-

vian theropods share many important features,

some of which were at one time considered defin-

ing characteristics of birds (e.g. furcula, retro-

verted pubis; de Beer, 1954). The similarity

between nonavian theropods and birds has blurred

with increasing discoveries of a wide range of bird-

like theropods. The distribution of “avian” char-

acters such as a beak (Clark et al., 2001), furcula

(Nesbitt et al., 2009), sternal plates (Norell &

Makovicky, 1997; Burnham et al., 2000), uncinate

processes (Codd et al., 2007), retroverted pubis

(Chiappe et al., 1998; Norell & Makovicky,

1999), distally noncontacting pubes (Chiappe

Fig. 3.1 A cladogram depicting the hypothetical rela-

tionships of maniraptoran dinosaurs including Aves.

Fig. 3.2 The holotype of the Jiufotang Formation dro-

maeosaur Microraptor gui IVPP 13352. (Photograph by

Luis Chiappe.)
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et al., 2002a), parallel pubis and ischium (Chiappe

et al., 1998), and a pygostyle (Barsbold et al., 2000)

are so spread out through Maniraptora that for

most of them it is difficult to determine a clear

pattern of character origination. This suggests a

deeper origin for many of these characters, while

their occurrence within apparently unrelated

nonavian theropod groups and their absence in

primitive birds suggests a highly homoplastic

evolutionary history.

Feathers were, until the last few decades,

known exclusively within Aves (de Beer, 1954),

yet now integumentary structures hypothesized

as homologous to feathers are known throughout

Dinosauria (Mayr et al., 2002; Xu et al., 2004; Ji

et al., 2007; Zheng et al., 2009) and pennaceous

Fig. 3.3 Nesting oviraptorosaur, Citipati osmolska IGM 100/979, from the Late Cretaceous Mongolian Djadokhta

Formation. (Mark Norell, AMNH, with permission.)
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feathers of modern morphology have a wide dis-

tribution among maniraptorans (Figure 3.2) (Ji

et al., 1998, 2001; Norell et al., 2002; Xu et al.,

2009b; Hu et al., 2009). Evolutionary stages in

feather development are documented in the fossil

record with “proto-feathers,” unbranched fila-

mentous structures, present among a wide

range of nonavian theropods (e.g. Dilong para-

doxus, Sinosauropteryx prima, Beipiaosaurus

inexpectus), and branched integumentary struc-

tures similar to down feathers and/or fully mod-

ern pennaceous feathers occuring in a number of

small, bird-like maniraptorans (e.g. Sinornitho-

saurus millenii, Protoarchaeopteryx robusta,

Caudipteryx zoui, Microraptor gui, Anchiornis

huxleyi) (Xu et al., 2001, 2003; Prum & Brush,

2002; Chuong et al., 2003; Prum, 2005; Zhang

et al., 2006; Hu et al., 2009). More recently, the

homology between even the simplest of these

structures andmodern feathers has been compel-

lingly documented by microstructural studies

that have identified melanosomes (pigment-

bearing organelles) identical to those of modern

feathers, and have been able to determine the

basic patterns of plumage coloration of some

dinosaurs (Li et al., 2010; Zhang et al., 2010).

The discoveries of in ovo embryos and close

associations between eggs andadults have allowed

for eggs and eggshell microstructure to be studied

in a phylogenetic context (Figure 3.3). Within

Fig. 3.4 Cladogram of hypothetical maniraptoran relationships with the relative position of known avian eggshell

morphologies. (Modified from Grellet-Tinner, 2004)
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Dinosauria, only the maniraptorans possess eggs

with modern avian characteristics (e.g. egg asym-

metrical with an air sac, shell composed of mul-

tiple layers with prismatic condition) (Figure 3.4)

(Varricchio et al., 1997;Grellet-Tinner&Chiappe,

2004; Grellet-Tinner et al., 2006; Varricchio &

Jackson, 2004a,b). The development of increasing

parental care within the phylogenetic tree of ther-

opods as it approaches Aves can be documented

through the discovery of nesting adults such as the

oviraptorid Citipati osmolska (Figure 3.3) (Clark

et al., 1999). What can be inferred from the fossil

record on nonavian maniraptoran behavior sug-

gests both brooding and parental care, as in living

birds (Grellet-Tinner & Chiappe, 2004), as well as

precociality (Erickson et al., 2001) and paternal

care (Varricchio et al., 2008), which are inferred

to be the ancestral conditions for modern birds

(McKitrick, 1992).

Histological studies of bone tissue have

revealed that avian growth rates had their origins

within Dinosauria (Erickson et al., 2001, 2007).

There is a general trend that can be observed

within Mesozoic avians, from primitive growth

in Archaeopteryx with multiple visible lines of

arrested growth (LAGs), as present in many other

dinosaurs, to the development of themodern strat-

egy of rapidly achieving terminal size in shorter

periods of time higher in the clade (Chinsamy

et al., 1995; Chinsamy & Elzanowski, 2001;

Erickson et al., 2009). Like Archaeopteryx, the

more derived Cretaceous enantiornithines grew

slowly, with adult specimens preserving multiple

lines of growth (Chinsamy et al., 1995). The basal

ornithuromorphs Patagopteryx and Hollanda,

taxa more closely related to modern birds than

either Archaeopteryx or the enantiornithines,

show a single LAG, suggesting more rapid growth

(Chinsamy et al., 1994, 1995; Bell et al., 2010)

compared to birds outside the ornithuromorph

clade. The modern bone microstructure of the

ornithurine Hesperornis, a derived ornithuro-

morph closely related to modern birds, indicates

that growth patterns comparable to those of living

Fig. 3.5 The handmorphology of basal theropods, maniraptorans, and birds in a phylogenetic context illustrating the

controversy of digit identity in birds.

Pre-modern Birds: Avian Divergences in the Mesozoic 43



birdsmay have been achieved prior to the origin of

the crown clade (Chinsamy et al., 1995).

The developmental plasticity that charac-

terizes the osteogenesis of modern birds (Starck

&Chinsamy, 2002) may also have developed even

earlier within avian evolutionary history; de

Ricqles et al. (2003) suggested that the Early Cre-

taceousConfuciusornishaduninterrupted growth

with rates comparable to modern birds. This

claim, however, is not supported by a recent mor-

phometric study, which suggests a slower and

possibly discontinuous growth pattern for Confu-

ciusornis (Chiappe et al., 2008). The bone histol-

ogy of this abundant but geographically restricted

Mesozoic fossil may need to be re-evaluated in

light of the significant difference in size between

specimens (Chiappe et al., 2010).

Most of the arguments made by opponents of

the theropod origin of birds are weak (Welman,

1995; Feduccia, 1996; Kurochkin, 2006) and there

is very little cladistic support for an alternative

hypothesis (Witmer, 1991; James & Pourtless,

2009). Until recently, the most compelling criti-

cismof the theropod ancestry of birdswas basedon

the differential interpretation of the ossified digits

of the hand in modern birds and nonavian thero-

pod dinosaurs (Figure 3.5). During the develop-

ment of the manus in extant bird embryos, five

points of condensation appear and only themiddle

three develop, presumably II–III–IV of the

I–II–III–IV–V buds. This has led embryologists to

infer a II–III–IV manual formula for living birds

(alular, major, and minor, respectively; Burke &

Feduccia, 2007). However, the three digits present

in nonavian maniraptorans are interpreted as cor-

responding to digits I–II–III of the ancestral penta-

dactyl hand (I–V) (Shubin, 1994), based on

interpretations of the early theropod fossil record

(Sereno & Novas, 1992; Sereno, 1993; Padian &

Chiappe, 1998). Basal theropods such as Herrera-

saurus and Eoraptor retain five digits but display

reduction in the outer two digits IV and V, leading

to the interpretation that more advanced thero-

pods retain digits I–II–III (Figure 3.5; Sereno 1993).

This discrepancy in the perceived homologies of

the hands of nonavian theropods and birds had led

some researchers to excludeAves fromTheropoda

(Feduccia & Nowicki, 2002; Kurochkin, 2006;

Burke & Feduccia, 2007), while others have

attempted to resolve this apparent inconsistency

with hypotheses regarding gene regulatory

mechanisms, in which the identity of the digit

is transferred so that a given digit arises from a

different condensation (Wagner & Gauthier,

1999). While this frame shift is possible, and

known to occur in a number of vertebrates

(Shapiro, 2002), new evidence also suggests the

possibility that the inferred pattern of reduction

within theropods may have been misinterpreted,

as the Triassic fossil record is admittedly

extremely fragmentary (Galis et al., 2005). This

is supported by Morse’s Law (which states that in

most tetrapod lineages digits V and I become

reduced prior to other digits), for which theropods

are currently considered one of a few exceptions

(Shubin, 1994), and the recent discovery of a cer-

atosaur theropod with digital reduction in digits I

and IV and no digit V (Xu et al., 2009a). Despite the

systematic placement of this taxon outside Teta-

nurae (the theropod clade that includes manirap-

torans and birds), the new ceratosaur theropod

Limusaurus inextricablis shares derived features

with tetanurans suggesting a close relationship,

and the reinterpretation of the tetanuran manus

as II–III–IV (Figure 3.5; Xu et al., 2009a). The

disparity in the manual morphology between

birds and nonavian dinosaurs has long been

pitched by opponents as a major flaw in the

theropod hypothesis (Feduccia, 1996, 2001; Kur-

ochkin, 2006). While this debate cannot be con-

sidered closed based on the reduction of digit I in

one taxon, it is important to consider the highly

fragmentary nature of the Triassic and Early

Jurassic theropod fossil record. As demonstrated

by Limurasaurus, new discoveries have the

potential to radically change our interpretation

of early theropod evolution. For this reason the

digits of the avian hand are here referred to as the

alular (I or II), major (II or III) andminor (III or IV).

Even though it is now generally accepted that

birds are theropod dinosaurs nested within the

clade Maniraptora (Turner et al., 2007; Chapter 1),

the sister taxon to Aves within this clade is

debated and differs between cladistic analyses
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(Holtz, 1994; Gauthier, 1986; Sereno, 1997; For-

ster et al., 1998a; Norell et al., 2001; Huang et al.,

2002; Makovicky et al., 2005; Novas & Pol, 2005;

G€olich & Chiappe, 2006; Turner et al., 2007).

Most cladistic analyses place one of two groups

as the closest relative to birds: Dromaeosauridae

or Troodontidae, and these two clades are often

considered to form a more inclusive clade,

Deinonychosauria (Forster et al., 1998a; Sereno,

1999; Benton, 2004). Each of these clades

possesses a different combination of avian char-

acters distributed amongst the included taxa,

suggesting that these groups are more closely

related to birds than other theropods. Recent

discoveries have identified the bizarre manirap-

torans Epidexipteryx (Zhang et al., 2008a) and

Anchiornis (Xu et al., 2009b) as apparently

even closer to birds than the deinonychosaurs,

forming a clade with Aves termed Avialae (Xu

et al., 2009b). However, these claims need to be

examined in greater detail. The search for the

definitive closest relative of birds continues but

the overwhelming evidence in favor of a manir-

aptoran origin and its wide acceptancewithin the

scientific community allows us to follow this

hypothesis for the remainder of this chapter.

THE MESOZOIC AVIARY

Long-tailed birds

Known exclusively from the 150 million year old

(Ma) Solnhofen limestones of central Bavaria

(Germany), Archaeopteryx lithographica consti-

tutes the oldest andmost primitive definitive bird

in the fossil record. The taxon is known solely

from ten, largely two-dimensional, skeletal speci-

mens (Wellnhofer, 2008); Archaeopteryx, at the

center of debates about avian origins, has a

remarkably complex taxonomic history, with

nearly every specimen identified as a distinct spe-

cies at some point in time (Elzanowski, 2002;

Wellnhofer, 2008). As the oldest known bird, the

diversity of this taxon is of great interest. Cur-

rently, some regard all specimens as belonging to a

growth series within a single taxon (Archaeop-

teryx lithographica; Houck et al., 1990; Senter

& Robins, 2003; Chiappe, 2007; Erickson et al.,

2009), while others argue that the size range of the

specimens (from jay-sized to the size of a small

gull) and specific morphologies indicate the pres-

ence of more than one species (Elzanowski, 2002;

Wellnhofer, 2008).

The anatomy of Archaeopteryx illustrates the

most primitive condition known in Aves, with

many similarities to the dromaeosaurids, troodon-

tids, and other nonavian maniraptorans regarded

as close relatives. The toothed skull of Archaeop-

teryx retains primitive bones, such as the postor-

bital and remains highly unfused, while at the

same time it shows an increase in orbit and

brain size, features associated with birds (Alonso

et al., 2004) but also that may have predated their

origin (Hu et al., 2009). The postcranial skeleton

lacks almost all of the avian modifications asso-

ciated with flight: the long trunk, with no synsa-

crum, lacks the rigidity of extant birds; the scapula

and coracoid remained fused; the sternum is unos-

sified; and its long bony tail is composed of 21–23

elongate free vertebrae. The forelimb of Archae-

opteryx is extremely similar to those of its imme-

diate nonavian predecessors. The wing of

Archaeopteryx lacks an alula and retains an ances-

tral design: the humerus is longer than the ulna–r-

adius, thewrist is characterized by a differentiated

(unfused) semilunate carpal, and the elongate

manus bears three unreduced digits with large,

recurved claws. Despite the primitive osteology

of the forelimb and gross size, the wing is remark-

ably similar to those of living birds in shape and

number of flight feathers (11–12 primaries and

12–14 secondaries; Elzanowski, 2002;Wellnhofer,

2008). The hindlimb is elongate, as in the typi-

cally cursorial maniraptorans, a true tibiotarsus

and tarsometatarsus are absent, and the hallux

is only weakly reversed. The pelvis is unfused,

the pubis is not fully retroverted and distally

it bears an elongate symphysis. The long tail

retains the elongated prezygapophyses (anterior

intervertebral articulations) and T-shaped chev-

rons present in the maniraptoran theropods

inferred to be closely related to Aves (Elzanowski,

2002; Wellnhofer, 2008). While undoubtedly

preserving evidence of crural feathers (i.e. plumage
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covering portions of the tibiotarsus), claims that

the hindlimbs of Archaeopteryx carried a set of

aerodynamically significant, long and asymmetri-

cally vaned feathers (Christiansen & Bonde, 2004;

Longrich, 2006) cannotbeconfirmedat thepresent,

however,Archaeopteryxclearlydidnotpossess the

large tarsometatarsal feathers observed in the Early

Cretaceous dromaeosaurid, Microraptor gui (Xu

et al., 2003).

The ecology of Archaeopteryx has been the

center of great controversy as it pertains indirectly

to the evolution of flight; there are two main

camps of theory, thosewhobelieveArchaeopteryx

waspredominantly arboreal and thosewhobelieve

it was largely terrestrial. In order to determine

mode-of-life, first itmust be determined ifArchae-

opteryx could fly or only glide. Numerous and

diverse hypotheses have been proposed (Ostrom,

1974; Martin, 1983, 1991; Ruben, 1991; Feduccia,

1996, 1999; Padian & Chiappe, 1998; Burgers &

Chiappe, 1999; Rayner, 2001; Elzanowski, 2002;

Wellnhofer, 2008), however these and other eco-

logical and functional questions remain largely

conjectural. Given the functional and aerody-

namic considerations, we support the interpreta-

tion of Archaeopteryx as a bird that spent a good

amount of time foraging on the ground (Ostrom,

1974; Hopson, 2001), was able to take off from the

ground (Burgers & Chiappe, 1999) and capable of

powered flight (Rayner, 2001). However, an arbo-

real lifestye for Archaeopteryx has taken center

stage in light of the recent discoveries of small

“aboreal” non-avian theropods such asEpidendro-

saurus and Microraptor (Xu et al., 2000; Zhang

et al., 2002), which have been interpreted as better

adapted for an arboreal existence than other non-

avian theropods.

Until recently, Archaeopteryx was the only

known bird with a long bony tail, however, dis-

coveries from China and Madagascar have docu-

mented a diversity of similarly long-tailed birds,

albeit inmuch younger deposits. The 75MaRaho-

navis ostromi fromMadagascar (Figure3.6; Forster

et al., 1998a, b), like Archaeopteryx, is character-

ized by having a long bony tail formed of elongated

vertebrae, primitive proportions in the pelvis, and

incomplete fusion of some compound bones (e.g.

tarsometatarsus, tibiotarsus). The avian status of

Rahonavis is controversial. Makovicky et al.

(2005) argued in favor of a nonavian relationship,

Fig. 3.6 Quarry map of the holotype specimen of the Late Cretaceous long-tailed bird Rahonavis ostromi.
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placing it within a clade of Gondwanan dromaeo-

saurids. This view was supported by Turner et al.

(2007) although using essentially the same data. If

Rahonaviswere tobe adromaeosaurid, itwouldbe

one in which the wings would be proportionally

much longer than those of any recognized non-

avian theropod. Here Rahonavis is considered a

bird and a swift predator (Forster et al., 1998a),

with a wingspan comparable to that of a red-tailed

hawk. The most striking anatomical feature of

Rahonavis is the enlarged, sickle-shaped claw of

its second toe, a specialization presumably

used for slashing prey as in dromaeosaurid and

troodontid theropods.

Despite the presence of this and other basal

features, Rahonavis appears to be more derived

thanArchaeopteryx (Holtz, 1998; Chiappe, 2002a;

Zhou&Zhang, 2002a). Although no feathers were

found in association with the skeleton of the

single known specimen, quill knobs preserved

on the forelimb indicate at least 10 flight feathers

attached to its ulna, which is within the range of

living birds. The structure of the shoulder girdle –

in particular, the mobile glenoid for the articula-

tion of the head of the humerus – more closely

approaches that of extant birds than the rigidly

fused glenoids of Archaeopteryx and some other

early birds (e.g. Confuciusornis and allies). The

reconstructed position of the scapula with respect

to the rib cage indicates that Rahonaviswas capa-

ble of flapping its wings with greater amplitude

than Archaeopteryx or any nonavian theropod

(Forster et al., 1998a). All these features are

consistent with well-developed aerodynamic

capabilities, although it is possible that like

Archaeopteryx, such a large, primitive bird may

have required a take-off run to become airborne

(Burgers & Chiappe, 1999).

All other examples of long-tailed birds have

been found in the celebrated Early Cretaceous

Jehol deposits of northeastern China (Zhang

et al., 2003), where they coexisted with other

more derived taxa. The turkey-sized Jeholornis

prima (Figure 3.7A; Zhou & Zhang, 2002a) from

the Jiufotang Formation (120Ma) has edentulous

upper jaws while its dentary teeth are small and

rostrally restricted (Zhou & Zhang, 2003a). The

skeletal architecture of Jeholornis differs signifi-

cantly fromthat ofArchaeopteryx (Zhou&Zhang,

2003a). As inRahonavis, the shoulder girdle artic-

ulation of Jeholornis is mobile. Unlike Archaeop-

teryx, the coracoid of Jeholornis is elongate,

the scapula is curved and tapered distally, both

features characteristic of the more advanced

ornithuromorphs, and the more dorsal extent of

the glenoid (facet for forelimb articulation) would

have allowed greater amplitude duringwing beats.

The forelimb is proportionately longer than the

hindlimb and the hand is shorter, though still

bearing powerful claws. Despite thesemorpholog-

ical advances, Jeholornis shares primitive features

with Archaeopteryx and Rahonavis, such as a

vertically oriented pubis, incompletely formed

compound bones (e.g. tibiotarsus, tarsometatar-

sus), a splint-like fifth metatarsal, and a very

short hallux (Zhou & Zhang, 2002a, 2003a). Jeho-

lornis also exhibits a condition even more prim-

itive than that of Archaeopteryx; the tail is longer

than that of any other bird and carried a fan-shaped

tuft of terminal feathers reminiscent of the tail in

feathered dromaeosaurids (Xu et al., 2003; Norell

& Xu, 2005) and troodontids (Ji et al., 2005). Two

more recent specimens have shown that the tail of

Jeholornis contains 27 elongate vertebrae (several

more than Archaeopteryx and contra the initial

estimation of 22 caudals; Zhou & Zhang, 2002a)

and chevrons that approach the morphology in

dromaeosaurids (Zhou & Zhang, 2003a).

The Jehol Group has produced several other

long-tailed birds very similar to Jeholornis, such

asDalianraptor cuhe (Gao&Liu, 2005) and Shenz-

houraptor sinensis (Ji et al., 2002a), also from the

Jiufotang Formation, and the older Jixiangornis

orientalis (Figure 3.7B; Ji et al., 2002b) from the

Yixian Formation. Only preliminary descriptions

of these fossils are available and it has been sug-

gested that Shenzhouraptor and Jixiangornis may

be junior synonyms of Jeholornis (Zhou & Zhang,

2006), but such taxonomic assessments will

remain inconclusive until detailed studies of all

these birds have been completed. Dalianraptor

can be distinguished from Jeholornis on the

basis of a smaller forelimb/hindlimb ratio, much

longer alular digit, and different phalangeal
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proportions of manual digit III. This poorly pre-

served taxon has a very short forelimb relative to

its body and new material and information may

prove this taxonnot to be a bird.More fragmentary

fossils have been interpreted as belonging to other

long-tailed avian species; these include the Early

Cretaceous Jinfengopteryx elegans (Ji et al., 2005),

an incomplete skeletal tail (L€u & Hou, 2005), and

the Late Cretaceous Yandangornis longicaudus

(Cai & Zhao, 1999). The former displays a number

of features (small and closely spaced teeth, short

forelimbs) that question its avian status and sug-

gest it may be a troodontid maniraptoran, a con-

clusion supported by recent cladistic analysis

(Turner et al., 2007). The other two specimens

are too fragmentary to diagnose and the validity

of their avian taxonomic status will depend on the

discovery of additional material.

Most interpretations place these Chinese long-

tailed birds in an arboreal habitat (Zhou & Zhang,

2004). However, such a conclusion is not sup-

ported by the structure of the feet, which do not

suggest perching specializations. In these birds,

not only is the hallux very short but the penulti-

mate phalanx of each toe is shorter than the

remaining phalanges, a condition indicative of

Fig. 3.7 Jiufotang Formation long-tailed birds: (A) holotype of Jeholornis prima IVPP V13274; (B) holotype of

Jixiangornis orientalis CDPC-02-04-001. (Ji Shu-an, CAGS, with permission.)
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cursorial habits in modern birds (contra Zhou &

Zhang, 2002a). The holotype of Jeholornis prima,

preserved with a large number of seeds in the

visceral cavity, provides the only direct evidence

for the diet of long-tailed birds, however, the com-

plete range of trophic preferences cannot be deter-

mined on the basis of a single specimen (Zhou &

Zhang, 2002a).

Cretaceous long-tailed birds revealed an

unforeseen quantity of evolutionary experimen-

tation and homoplasy, bearing features typical of

nonavian maniraptorans but absent in Archae-

opteryx, or morphologies more primitive than

those exhibited by the latter (despite the closer

phylogenetic proximity to modern avians).

Although more primitive than the long-tailed

birds fromChina, the LateCretaceousRahonavis

lived many millions of years later. This strati-

graphic pattern may suggest a hidden diversity of

Late Cretaceous long-tailed birds remaining to be

discovered. Alternatively, Rahonavis may be an

example of a Malagasy relic – a Late Cretaceous

equivalent of today’s lemurs – that survived in

geographic isolation after the extinction of all

other long-tailed birds (Forster et al., 1998a) or,

as argued byMakovicky et al. (2005), amember of

a lineage of Late Cretaceous Gondwanan dro-

maeosaurids. Only an enlarged sample of Late

Cretaceous avifaunas, particularly those from

Gondwana, and additional comparative studies

of these long-tailed birds will tell.

The origin of short-tailed birds

Despite the fact that the abbreviation of the long

skeletal tail and the evolution of a pygostyle is

one of the most apparent avian transitions and

closely related to the fine-tuning of avian flight,

the evolutionary transition between long-tailed

birds and the first birds with a pygostyle is very

poorly documented (Chiappe, 2007). Until the

recent discovery of Zhongornis haoae from the

Early Cretaceous Yixian Formation (125Ma) of

northeastern China (Figure 3.8; Gao et al.,

2008), there were no intermediate taxa known

between the basalmost birds with a pygostyle

and the long-tailed birds. The small Zhongornis

is characterized by having edentulous jaws, a

primitive shoulder and forelimb bearing a unique

phalangeal formula (alular, major and minor

digits carry 2, 3, and 3 phalanges, respectively),

a foot with a reversed hallux and weakly curved

claws, and only 13–14 differentiated tail verte-

brae that do not form a terminal pygostyle.Zhon-

gornis is the only known bird to possess a short

tail with a reduced number of vertebrae, yet lacks

the pygostyle present in other short-tailed birds.

The available anatomical information from this

fossil suggests that phylogenetically,Zhongornis

is the closest known relative to all pygostylians –

birds whose bony tail ends in a pygostyle

(Chiappe, 2002a; Gao et al., 2008). The anatomy

of Zhongornis and its intermediate placement

between primitive long-tailed birds and the basal-

most pygostylians suggest that in at least one

lineage of early bird, the reduction in the long

tail occurred first through the loss in number of

caudals rather than a reduction in size of the tail

while retaining a large number of vertebrae.

Whether this pattern is unique to Zhongornis

or ancestral for Pygostylia will have to be deter-

mined as more evidence of the immediate rela-

tives of these birds comes to light.

Basal pygostylians: Confuciusornithidae,

Sapeornithidae, and Zhongjianornis

The beaked confuciusornithids, including the

abundant Confuciusornis sanctus (Chiappe

et al., 1999), appear to be the most basal pygosty-

lians and the oldest knownbirdswith ahornybeak

(Figure 3.9) (Gao et al., 2008). Hundreds, if not

thousands, of specimens of Confuciusornis sanc-

tushave been collected in the past decade from the

same Early Cretaceous deposits in northeastern

China that yielded Zhongornis and the Chinese

long-tailed birds (Chiappe et al., 1999, 2008).

While particularly abundant in the Yixian Forma-

tion, Confuciusornis sanctus is also recorded in

the slightly younger Jiufotang Formation (Dalsatt

et al., 2006). Several species of Confuciusornis

have been named (Chiappe, 2007; Zhang et al.,

2008b), yet only C. sanctus and C. dui have suf-

ficient diagnostic support to be considered valid
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(Chiappe et al., 2008). Another confuciusornithid,

Changchengornis hengdaoziensis, is known from

a single specimen from the Yixian Formation

(Chiappe et al., 1999; Ji et al., 1999). This confu-

ciusornithid ismuch smaller thanConfuciusornis

and it differs fromthe latter in anumber of skeletal

details including a shorter andmore curved beak –

this, however, may be a preservational artifact

pending the discovery of additional specimens.

The older Eoconfuciusornis zhengi, also known

from a single specimen but from the oldest layers

of the Jehol Group, the Dabeigou Formation

(131Ma), is possibly the most primitive confuciu-

sornithid known (Zhang et al., 2008b). It lacks a

number of specializations present in both Confu-

ciusornis and Changchengornis, such as the large

fenestra piercing the deltopectoral crest of the

humerus, and slightly more primitive morpholo-

gies, such as a short coracoid, and the absence of

lateral depressions on thoracic vertebrae (Zhang

et al., 2008b). The holotype of Eoconfuciusornis

zhengi, however, is clearly a juvenile and thus, the

extent to which some of the features of this taxon,

particularly the absence of fused compoundbones,

are not ontogenetic will have to be determined

through additional discoveries.

Confuciusornithids are very primitive birds in

many respects. Their skull is remarkable in exhi-

biting complete diapsid temporal fenestrae (upper

and lower openings in the rear of the skull that

provided space for the origin of jaw muscles;

Chiappe et al., 1999),which excludes the potential

for cranial kinesis. The shoulder bones of these

birds are fused into a rigid scapulocoracoid,

a condition more primitive than that of the

long-tailed Rahonavis and Jeholornis. The

Fig. 3.8 Holotype of the Yixian Formation nonpygostlianZhongornis haoaewith abbreviated tail: (A) DNHMD2455;

(B) DNHM D2456. (Photograph by Luis Chiappe.)
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forelimb is proportionally much shorter than in

the latter, approaching the length of the hindlimb

as in Archaeopteryx. The forelimb bones also

retain primitive proportions – the hand is the

longest segment and the ulna–radius is shorter

than the humerus. The robust wishbone has the

boomerang appearance of Archaeopteryx and the

sternum is essentially flat, lacking the prominent

ventral keel that is seen in more advanced birds

(although some specimens do have a faint ridge

that could have anchored a deeper cartilaginous

carina). As in all basal avians, confuciusornithids

had a full set of gastralia, althoughwith fewer rows

than preserved in Archaeopteryx. The hindlimbs

are robust and the reversed hallux is one-half to

two-thirds the length of the second toe. While

retaining many primitive features, confuciusor-

nithids show dramatic departures from earlier

phases of avian evolution in the expansion of

the sternum, development of several compound

bones, and perhaps most notably, the pygostyle at

the end of the tail. Like other basal birds, confu-

ciusornithids possess essentially modern plum-

age, although the skeletal morphology of their

Fig. 3.9 The most common pygostylian from the Early Cretaceous Yixian Formation, Confuciusornis sanctus IVPP

11372. (Photograph by Luis Chiappe.)
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clawed wing does not differ considerably from

their theropod predecessors. Confuciusornithids

evolved a propatagium, the lift-generating skin

fold joining the shoulder and wrist, and remark-

ably long flight feathers that gave their wing the

appearance of the long and narrow wing of living

terns (Chiappe et al., 1999). Estimates of impor-

tant aerodynamicparameters such aswing loading

also hint at refinements in theflight capabilities of

confuciusornithids. Sanz et al. (2000) calculated

the wing loading (weight/wing surface) of Confu-

ciusornis to be lower than that of Archaeopteryx,

thus suggesting that basal pygostyliansweremore

agile and energetically more efficient than the

more primitive long-tailed birds. These estimates,

however, are based only on estimated mass and

femoral length and comparisons with modern

birds, and likely reflect the relatively longer hin-

dlimb ofArchaeopteryx compared to confuciusor-

nithids. Unfortunately, preservation in most

specimens prevents accurate assessment of wing

area or femoral diameter and thus wing loading

cannot be measured directly.

Apair of long streamer-like feathers are variably

preserved extending from the tail region in speci-

mens of Confuciusornis sanctus (Figure 3.9;

Chiappe et al., 1999, 2008; Zhang et al., 2008b).

This intraspecific difference has been hailed as

evidence of sexual dimorphism (Feduccia, 1996;

Hou et al., 1996; Zhou & Zhang, 2004), in which

specimens with streamer-like feathers are inter-

preted as males that died during lekking (male

reunions for competitive display). This hypothesis

is not supported by a recent morphometric study

in which no statistical correlation between size

distribution and the presence or absence of

streamer-like feathers was found, indicating

that, if these feathers are sexual characteristics,

they are not correlated with a size difference

between genders as would be expected in a sexu-

ally dimorphic species (Chiappe et al., 2008, 2010).

Sapeornithidae is another group of very primi-

tive pygostylians, also from the Jehol Biota (Zhou

& Zhang, 2002b; Chiappe, 2007; Yuan, 2008).

Sapeornis chaoyangensis from the Jiufotang For-

mation is the best-known species of this group

(Figure 3.10) (Zhou & Zhang 2002b, 2003b) and,

with a wingspan comparable to that of a turkey

vulture, is the largest Late Jurassic–Early Creta-

ceous bird known. The skull is relatively short

with conical and robust teeth restricted to the tip

of the upper jaw. The temporal region of the skull

is primitive, with at least a complete supratem-

poral fenestra. The articulation of the scapula and

the coracoid was mobile but the latter bone

remained primitively short and axe-shaped.

While more than a dozen articulated specimens

have been discovered, none of them preserves an

ossified sternum, suggesting that the sternum

may have been cartilaginous and that the large

flight muscles operating the wings could have

extended their point of origin to the expanded

distal coracoids. As in confuciusornithids and

other very primitive birds, the furcula of Sapeornis

is very robust and shaped like a boomerang, but

unlike other basal birds, it bears a hypocleidium.

Its elongate forelimb is much longer than that of

Archaeopteryx, Jeholornis, or the confuciusor-

nithids, reaching approximately 1.5 times the

length of the hindlimb. The humerus is shorter

than the ulna–radius and as in most confuciusor-

nithids, is pierced by a large proximal foramen of

uncertain function. The hand of Sapeornis is

approximately the same length as the humerus

but the presence of a clawless, reduced third digit

illustrates a more advanced stage in the reduction

of the hand than that ofZhongornis. As inArchae-

opteryx and other long-tailed birds, the pelvic

bones of Sapeornis remained unfused although

its pubic symphysis is reduced. In the tail, 6–7

free caudals precede a small pygostyle reminiscent

of the plow-shaped pygostyle of ornithuromorphs,

rather than the robust and long pygostyle of con-

fuciusornithids. Other named sapeornithids

include Sapeornis angustis (Provini et al., 2009),

Dydactylornis jii (Yuan, 2008), and Shenhiornis

primita (Hu et al., 2010), all from the Jiufotang

Formation. Differences between these species and

Sapeornis chaoyangensis are largely limited to

variance in the ratios of bones (Yuan, 2008; Provini

et al., 2009). Sapeornis angustis is approximately

30% smaller than Sapeornis chaoyangensis, and

thus, the extent to which these quantitative dif-

ferences are not related to allometry within a
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Fig. 3.10 Referred specimens of the Jiufotang Formation basal pygostylian Sapeornis chaoyangensis: (A) IVPPV13275;

(B) DNHM D2523. (Photograph by Luis Chiappe.)
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specific growth series needs further examination.

Dydactylornis jii exhibits drastic differences with

respect to Sapeornis chaoyangensis in the propor-

tion of the first phalanx of manual digit I (it may

be indistinguishable from metacarpal I, and thus

give a “longer” appearance) and its apparent com-

plete absence ofmanual digit III. However, aswith

Dydactylornis, more detailed studies are needed

prior to dismissing taphonomic factors for this

morphological discrepancy. Shenhiornis primita

reports no major morphological differences other

than a tail composed of ten free caudals; unfortu-

nately the tail in the only known specimen of this

taxon is poorly preserved and damaged.

More recently, another basal pygostylian was

described from the Jiufotang Formation although

no pygostyle is preserved; based on a single poorly

preserved specimen, Zhongjianornis yangi is simi-

lar in size to a largeConfuciusornis and also report-

edly lacks dentition (Zhou et al., 2010). Although

poor preservation prevents detailed comparison,

overall, this taxon appears very similar to confuciu-

sornithids although it differs in the presence of a

pointed beak and a proportionately longer forelimb

and reducedmanus, and poor preservation prevents

detailed comparison. Zhongjianornis, like Confu-

ciusornis,moreadvancedbirds, andsomenon-avian

theropods, preserves uncinate processes on its ribs.

As in other basal birds, the furcula is robust and

boomerang like. The humerus bears a large delto-

pectoral crest, similar to confuciusornithids,

althougha fenestra is reportedly absent, as inEocon-

fuciusornis. The wing is elongate and the propor-

tions are fairly advanced; the ulna–radius exceeds

the humerus in length. Themanus is reduced com-

pared to other basal birds, with only two thin,

clawed digits. The pelvic girdle is similar in some

ways to more derived ornithuromorphs, with a

fairly distally located, hookeddorsal processpresent

on the tapering ischium in some ways to more

derived ornithuromorphs while also reminiscent

of more basal birds, with robust, rod-like pubes.

Very little is known about the lifestyles of basal

pygostylians. The proportions of the pedal phalan-

ges of confuciusornithids suggest a generalist

function, equally capable of spending time on

the ground or in trees (Hopson, 2001). Based on

overall wing morphology and the skeletal

advancements relative to Archaeopteryx, confu-

ciusornithids are interpreted as capable of taking

off fromthegroundand thusnotneeding toclimba

tree to become airborne (Chiappe, 2007). The

shape of the wing of sapeornithids and Zhongjia-

nornis remains unknown – all known skeletons

lack any evidence of plumage.

The presence of large clusters of stomach

stones or gastroliths, like those common

among extant herbivorous birds, inside the vis-

ceral cavity of several specimens of Sapeornis

(Zhou & Zhang, 2003b; Yuan, 2008) has consis-

tently being used to support a diet of plants for the

sapeornithids (Zhou & Zhang, 2003b). However,

the correlation between gastroliths andherbivory

is not supported by the presence of the former in

theropods that eat fish (as in the basal ornithur-

omorph Yanornis martini and the spinosaurid

Baryonyx walkeri; Charig & Milner, 1986;

Zhou et al., 2004). Based on the morphology of

the robust and massive beaks of confuciusor-

nithids, envisioned as ideal for cracking seeds

or other hard plant material, these birds have

also been interpreted as herbivorous (Hou

et al., 1999; Zhou & Zhang, 2003b), although

no specimen of Confuciusornis has ever been

discovered with gastroliths (Dalsatt et al.,

2006). The discovery of a specimen of Confuciu-

sornis sanctus with fish remains preserved at

the base of its neck – allegedly contained in its

crop – was used to indicate that confuciusor-

nithids may have eaten a much wider range of

items (Zhou et al., 2004), but whether the frag-

mentary fish remains found in association with

this specimen are truly indicative of its diet (as

opposed to taphonomic events) needs to be fur-

ther documented.

Enantiornithes: the first large radiation

Before modern birds (Neornithes) radiated in the

Late Cretaceous and Early Tertiary, Mesozoic avi-

faunas were dominated by the enantiornithines

(Figures 3.11–3.13), a group evolutionarily interme-

diate between the basalmost pygostylians, Sapeor-

nis andConfuciusornis, and Ornithuromorpha, the
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group of birds that includes living taxa (Walker,

1981; Chiappe & Walker, 2002). Enantiornithes

are the prominent clade of pre-modern birds, with

over 60 taxa named and specimens known from

every continent with the exception of Antarctica

(Chiappe & Walker, 2002). The enantiornithines

spanned over most of the Cretaceous Period, the

oldest known fossils dating back to about 130Ma

from Early Cretaceous deposits in Hebei Province,

northeastern China (Figure 3.12; Wang et al., 2010;

Zhang& Zhou, 2000). Their fossil record endswith

that of other nonavian dinosaurs, the last occur-

rence being in the North American Hell Creek

Formation, dated between 67 and 65.5Ma (Brett-

Surman & Paul, 1985).

Throughout this period, enantiornithines

were widely successful, representing the first

large-scale avian radiation. Their diversity

encapsulated a wide size range, from very

small taxa, the size of a sparrow, to others the

size of a turkey vulture (Chiappe & Walker,

2002). Fossils have been collected from a variety

Fig. 3.11 Holotype of the Jiufo-

tang Formation enantiornithine

Pengornis houi IVPP V15336.

(Photograph by Luis Chiappe.)

Pre-modern Birds: Avian Divergences in the Mesozoic 55



Fig. 3.12 Holotype of Qiaotou Formation enantiornithine Shenqiornis mengi DNHM D2951. (Photograph by Luis

Chiappe.)
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of depositional environments indicating these

birds had diversified into a wide spectrum of

ecologies and occupied a vast geographic range

(including polar regions – Close et al., 2009).

Specimens have been found in continental river

and dune sandstones, coastal and inland lake

shales, and nearshore marine limestones

(Chiappe et al., 2001; Chiappe et al., 2002b;

Harris et al., 2006; Zhou & Zhang, 2006). Enan-

tiornithines are known to have evolved a wide

range of wing proportions suggesting a diversity

of flight styles, although the known diversity is

less than that of modern birds (Dyke & Nudds,

2009). One Late Cretaceous taxon, Elsornis keni

from the Gobi Desert (Chiappe et al., 2006) is

thought to have been nearly flightless. Though

most enantiornithines are considered to be capa-

ble fliers, members of the Late Cretaceous genus

Martinavis are theorized to have been superb

fliers that migrated across large oceans, as fos-

sils have been collected in North and South

America and Europe (Walker et al., 2007). Alter-

natively, given that this taxon is only known

from humeri, additional material may separate

these specimens phylogenetically, thus reject-

ing the previously mentioned hypothesis.

Enantiornithines encompass a remarkable

range of morphologies, which in part reflects

their long temporal range and ecological special-

ization. However, even within a single locality,

enantiornithines show remarkable diversity

(Figure 3.13; Chiappe, 1993). Within the Jehol

Group, there exist taxa that appear to have prim-

itive diapsid skulls (Figure 3.12;Wang et al., 2010),

while in other specimens the postorbital is

reduced and the skull may have been capable of

cranial kinesis (Sanz et al., 1997; Zhou et al.,

2008). Likewise, within a single Jehol clade of

“longirostrine” enantiornithines, the Longiptery-

gidae, taxa have a high amount of morphological

disparity. Rapaxavis pani and Longipteryx

chaoyangensis are envisioned by cladistic analy-

ses to be closely related (Chiappe et al., 2007;

O’Connor et al., 2009), however, Longipteryx pos-

sesses large teeth, and a primitive manus that is

longer than the humerus and bears two large

claws, while Rapaxavis has reduced teeth, and a

reduced manus, shorter than the humerus, with

claws absent.

Though amajority of enantiornithine fossils are

found in the Early Cretaceous, a broad trend

towards increasingly more advanced morpholo-

gies in the Late Cretaceous is observed (Chiappe

& Walker, 2002). The later evolution of enantior-

nithines has been previously characterized by a

distinct increment in size, a trend that was inter-

preted as a result of the aerodynamic power

achieved by this group (Chiappe & Walker,

2002). The discovery of large primitive Early Cre-

taceous enantiornithines (Zhou et al., 2008)

reduces the disparity in size between Early and

Late Cretaceous enantiornithines, however, the

largest taxa are still found in the Late Cretaceous.

The braincase of the Late CretaceousNeuquenor-

nis volans is similar to that of modern birds in

terms of fusion and proportions of the occipital

condyle and foramenmagnum, compared to Early

Cretaceous species which show avian morpholo-

gies, but are primitive in that the bones do not fuse

Fig. 3.13 Enantiornithines from the Late Cretaceous

Lecho Formation in Argentina: (A) Lectavis bretincola;

(B)Soroavisaurusaustralis; (C)Yungavolucrisbrevipedalis.
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together and the foramen magnum is proportion-

ately smaller relative to the occipital condyle

(Zusi, 1993; Chiappe & Calvo, 1994; Wang

et al., 2010). Compound bones found in modern

birds such as the fusedmandibular symphysis, the

carpometacarpus (fused distal carpals and meta-

carpals), and tibiotarsus (fusion of the tibia with

the astragalus and calcaneum) are absent among

someEarlyCretaceous enantiornithines, but pres-

ent in Late Cretaceous species (i.e. Gobipteryx

minuta, Enantiornis leali). The absence of fusion

inmanyEarlyCretaceous specimensmaybe onto-

genetic, given that enantiornithine ontogeny is

still poorly known.

Several advanced features indicate that the

enantiornithines were more closely related to

modern birds than other basal pygostylians, and

more importantly, may have been able to fly in a

comparable manner. Enantiornithines all have

individualized scapulae and coracoids, with the

scapula articulating lower on the coracoid, creat-

ing more leverage for the powerful flight muscles

(Feduccia, 1999). Compared to the boomerang-like

furculae of basal birds, enantiornithines, likemod-

ern birds, possess narrow and slender furculae,

which may have enhanced the bone’s capacity

to assist the flight stroke by acting as a spring

(Jenkins et al., 1988). The enantiornithine furcula

is angular, typically forming a V- or Y-shape, com-

pared to the U-shaped furcula of more advanced

birds, and is typically dorsolaterally excavated,

possibly representing a pneumatic specialization

(Chiappe et al., 2006; Close et al., 2009). Enantior-

nithines may have evolved a triosseal foramen

between the scapula, coracoid, and furcula but

with the possible exception of Protopteryx feng-

ningensis, this canal was formed without the par-

ticipation of the procoracoid process or a similar

medial projection of the coracoid (Zhang & Zhou,

2000).Unfortunately, no three-dimensional, artic-

ulated fossil detailing the spatial relationships of

the coracoid, scapula, and furcula has been found.

Modern birds have saddle-shaped (heterocoelous)

articulations between cervical vertebrae, and this

is known to have developed at least in the anterior

portion of the neck in several enantiornithine taxa

(Sanz et al., 2001; Zhang et al., 2004; Zhou et al.,

2008). This innovation may have enhanced the

functional performance of the latter. Most enan-

tiornithines possess a broad sternum,with a small

ventral keel usually limited to the distal half of the

bone (Sanz&Buscalioni, 1992;Chiappe&Walker,

2002; Li et al., 2006; Chiappe et al., 2006), though

the Late Cretaceous Neuquenornis possesses a

large keel of modern aspect (Chiappe & Calvo,

1994). Thewing ofmost enantiornithines displays

modern proportions: the humerus is shorter than

the ulna and longer than the hand (Dyke&Nudds,

2009). The enantiornithine humerus is distinct;

compared to the globe-like proximal head of mod-

ern birds, the head of the enantiornithine humerus

is saddle-shaped, concave at the mid-point, with

proximal surfaces that are cranially convex and

caudally concave respectively. While the manus

typically bears claws on the alular andmajor digits

(claws are absent in some species), the hand is

more compact when compared to that of more

basal birds, with the carpometacarpus typically

fused proximally, the alular digit short, and the

minor digit extremely reduced (manual phalan-

geal formula typically 2–3–2–x–x).

Enantiornithines also evolved aerodynamic

specializations beyond the skeletal level, having

developed integumentary specializations for

increased aerodynamic function in the wing

and tail. The wing has primaries and secondaries

comparable to modern taxa in size and number,

and an alula is preserved in several specimens

(Sanz et al., 1996; Zhang & Zhou, 2000; Zhou

et al., 2005). While most known taxa lack elon-

gate tail feathers, a diversity of feather morphol-

ogies are knownwithin the clade. Several taxa (e.

g. Protopteryx, Dapingfangornis, Paraprotop-

teryx) developed streamer-like feathers that

may have played a sexual role (Zhang & Zhou,

2000; Li et al., 2006; Zheng et al., 2007), and at

least one taxon evolved a fan-like tailmorphology

capable of generating substantial lift (Gatesy &

Dial, 1996; O’Connor et al., 2009). The advanced

features of the flight apparatus – the triosseal

foramen, sternal keel, modern proportions of

the wing, compact hand, and alula – suggest

that these birds were capable of well-controlled

and activeflappingflight, however, future studies
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will be necessary to clarify how the anatomical

differences between enantiornithines and mod-

ern birds affected the flight performance of this

extinct clade.

The enantiornithine hindlimb has a wide range

of morphologies reflecting the adaptation for a

diversity of habitats within the group, as evi-

denced by the disparity among the tarsometatarsi

of the El Brete enantiornithines (Figure 3.13;

Chiappe, 1993). However, hindlimb proportions

appear to be conservative relative to the wing,

occupying a much more limited area of the mod-

ern avian morphospace (Dyke & Nudds, 2009).

The femur in enantiornithines is excavated prox-

imolaterally by a posterior trochanter (Chiappe,

1996; Chiappe & Walker, 2002), the tibiotarsus

lacks the prominent cnemial crests present in

modernbirdswithonly a single small crest present

in some taxa (Chiappe & Walker, 2002), and the

tarsometatarsus is typically incompletely fused

with a tubercle for the m. tibialis cranialis that

is located medial and distal to its position in more

advanced birds. Although definitive evidence for

perching is lacking among more basal birds, these

capabilities were clearly present among the earli-

est enantiornithines as evidenced by their pedal

morphology (Sereno & Rao, 1992; Chiappe &

Calvo, 1994; Chiappe, 1995; Martin, 1995; Sanz

et al., 1995; Zhou, 1995; Morschhauser et al.,

2009).

The exceptional preservation of the Early Cre-

taceous avifaunas in northeastern China reveals

diverse enantiornithine trophic communities.

The Jehol biota preserves taxa with a range of

tooth morphologies and dental patterns, hinting

at the diversity of dietary niches utilized by the

clade. Despite tooth reduction in Chinese long-

tailed birds and all basal pygostylians, enantior-

nithines typically possessed teeth similar to those

of Archaeopteryx: found throughout both jaws,

small, slightly recurved and unserrated. However,

new discoveries continue to expand the known

range of morphologies and patterns; Shenqiornis

mengi possessed large bulbous teeth that may

have been adapted for eating hard food items

such as insects and other arthropods (Figure

3.12; Wang et al., 2010), while another species,

Pengornis houi, had numerous lowcrowned teeth,

possibly indicating a herbivorous diet of hard food

(Figure 3.11; Zhou et al., 2008). While several

species retained large teeth, other enantior-

nithines reduced their teeth, some in terms of

size and others in distribution. Enantiornithines

even convergently evolved an edentulous rostrum

(beak) with modern birds, confuciusornithids

and Zhongjianornis, known from the toothless

Gobipteryxminuta fromLateCretaceous deposits

of the Gobi Desert (Elzanowski, 1974; Chiappe

et al., 2001). The only direct evidence to enan-

tiornithine dietary preference is the preserva-

tion of the remains of freshwater arthropods

interpreted as stomach contents found in asso-

ciation with the holotype of Eoalulavis hoyasi

from the Early Cretaceous of Spain (Sanz et al.,

1996), and amber corpsules preserved with the

holotype of Enantiophoenix electrophyla (Dalla

Vecchia & Chiappe, 2002; Cau & Arduini,

2008). Since no cranial morphology is preserved

in either specimen, correlations between die-

tary preferences and dental morphology cannot

be inferred.

Developmentally, enantiornithines are inter-

preted as precocial based on the presence of asym-

metrical vaned feathers on hatchlings, juveniles

and even one embryo (Zhou & Zhang, 2004), as

well as the high degree of ossification preserved in

known embryos (Elzanowski, 1981). This is sup-

ported by studies that suggest altriciality and the

bi-parental care necessary to sustain it evolved

within crown group Aves (Cracraft, 1988; Sibley

&Ahlquist, 1990;McKitrick, 1992; Hackett et al.,

2008). However, given correlations between egg

size and developmental strategy in modern birds

(larger eggs for precocial chicks), as in other basal

birds, this developmental strategy may have been

constrained relative to modern birds by the dis-

tally contacting pubes of known enantiornithines

(Starck & Ricklefs, 1998; Dyke & Kaiser, 2010).

Histology shows that the development of some of

these birds was punctuated by periods of inter-

rupted growth, however, perinatal specimens (late

stage embryo or early hatchling) show fibrolamel-

lar bone indicative of rapid growth, suggesting

that enantiornithines grew rapidly until fledging
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(Chinsamy & Elzanowski, 2001). When rapid

growth ceased is unclear; although histological

analysis suggests that rapid growth ceased when

terminal size was nearly achieved (Cambra-Moo

et al., 2006), the large number of very young

fledged individuals suggests at least in some

lineages rapid growth may have ceased very

early in development (Chinsamy & Elzanowski,

2001; Chiappe et al., 2007).

Nearly every known Cretaceous avifauna had

an enantiornithine component and even where

they coexisted with other birds, both more prim-

itive and more advanced, enantiornithines often

represent the dominant group in terms of diversity

andnumbers. Their success during theCretaceous

makes their subsequent extinction alongside

other nonavian dinosaurs perplexing. Their flight

or respiratory inefficiencies relative to modern

birds may have contributed to their demise, or

their unique developmental strategy may have

made the clade susceptible to extinction

(Chinsamy & Elzanowski, 2001; Chiappe &

Walker, 2002). Currently, there is little concrete

evidence from which to draw conclusions, and

their extinction continues to be one of the great

puzzles of avian paleontology.

Ornithuromorpha: the rise of modern birds

Birds belonging to Ornithuromorpha, the clade

that includes modern birds, are known in the

fossil record as far back as the Early Cretaceous.

Their abundant Cretaceous fossil record spans

over nearly the same duration as that of their

sister group, the enantiornithines. Ranging

greatly in size and appearance, the Cretaceous

ornithuromorphs achieved global distribution

and occupied a wide range of ecological niches,

inferred from their diverse morphological specia-

lizations. From their onset, these birds exhibit a

number of characters that highlight their evolu-

tionary proximity to modern birds (Neornithes).

For example, in the skull they have lost the

postorbital bone (Chiappe, 2002b), in the shoul-

der the coracoid possesses procoracoid and ster-

nolateral (lateral) processes (Clarke et al., 2006),

the scapula is curved and distally tapered, the

furcula is U-shaped (Zhou & Zhang, 2005), and

the sternum typically has a well-developed keel

(reduced among flightless taxa) that projects cra-

nially from the bone’s rostral margin. As in mod-

ern birds, the head of the humerus of basal

ornithuromorphs is globose, the synsacrum has

a greater number of incorporated vertebrae than

more basal birds, the pygostyle is small and plow-

shaped as in modern taxa, and the tarsometatar-

sus is often fully fused, with a primitive hypo-

tarsus (Clarke et al., 2006). In addition, the

growth patterns of basal ornithuromorphs, as

they can be inferred from their bone microstruc-

ture, approach those of their living descendants

with only a single line of arrested growth com-

pared to multiple lines in more primitive birds

(Chinsamy et al., 1995; Bell et al., 2010). How-

ever, basal ornithuromorphs also retain primitive

features such as teeth (Jianchangornis), manual

claws (Hongshanornis), pubes forming a distal

symphysis (Yanornis), and a pelvis that lacks

an ilioschiadic fenestra (the ischium and ilium

do not contact distally) (Zhou & Zhang, 2001,

2005; Clarke et al., 2006; Zhou et al., 2009).

In the past few years, our knowledge of basal

Ornithuromorpha has been greatly improved by

important discoveries from the Early Cretaceous

of China (Figures 3.14–3.17) (Zhou & Zhang, 2001,

2005, 2006; Clarke et al., 2006; You et al., 2006;

O’Connor et al., 2010). These fossils have signifi-

cantly augmented the previously limited global

diversity of known basal ornithuromorphs, which

included primarily incompletely known taxa such

as Ambiortus dementjevi from the Early Creta-

ceous of Mongolia (Kurochkin, 1982, 1985), and

Vorona berivotrensis from the Late Cretaceous of

Madagascar (Forster et al., 1996), and the flightless,

hen-sizedPatagopteryxdeferrariisi (Chiappe, 1995,

2002b) from the Late Cretaceous of Argentina.

The latter is known from several incomplete speci-

mens and is the best-represented basal ornithuro-

morph from the Mesozoic of the Southern

Hemisphere. The recently discovered species of

basal ornithuromorphs from the Early Cretaceous

of China are represented by complete and well-

preserved skeletons. These include the relatively

small and possibly toothless Archaeorhynchus
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spathula (Figure 3.14; Zhou & Zhang 2006) and

hongshanornithids (Zhou & Zhang, 2005;

O’Connor et al., 2010), and the much larger and

toothedYixianornis grabaui (Figure 3.15; Zhou&

Zhang, 2001; Clarke et al., 2006) and Yanornis

martini (Figure 3.16; Zhou & Zhang, 2001;

Zhou et al., 2004). Many of these Chinese fossils

preserve good portions of their plumage – fully

modern flight, downy, and contour feathers are

all represented. Although preserved tail feathers

are rare, all knownspecimens preserve a large fan-

shaped tail (Figure 3.15; Zhou & Zhang, 2005;

Clarke et al., 2006; O’Connor et al., 2010),

which would have generated substantial lift;

Fig. 3.14 Holotype of theYixian Formation ornithuromorphArchaeorhynchus spathula IVPPV14287. (Photograph by

Luis Chiappe.)
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Fig. 3.15 Holotype of the ornithuromorph Yixianornis grabaui IVPP V12631, from the Jiufotang Formation. (Photo-

graph by Luis Chiappe.)
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given the modern, plow-shaped appearance of the

pygostyle in these more advanced birds, it is pos-

sible that a bulb rectricium was present (Clarke

et al., 2006). The exceptional preservation of some

specimens of Yanornis has also allowed the iden-

tification of fish bones in the stomach of one

specimen and numerous gastroliths (often asso-

ciated with a more herbivorous diet) in others,

suggesting that some early birds may have been

capable of altering their diet based upon seasonal

availability (Figure 3.16; Zhou & Zhang, 2001;

Zhou et al., 2004). Archaeorhynchus is possibly

one of the most primitive known members of

the group although the holotype is a subadult

Fig. 3.16 (A) holotype specimenof the Jiufotang ornithuromorphYanornismartini IVPPV12558; (B) referred specimen

with gastroliths IVPP V13358a. (Photograph by Luis Chiappe.)

Pre-modern Birds: Avian Divergences in the Mesozoic 63



Fig. 3.17 Referred specimens of the Xiagou Formation ornithuromorph Gansus yumenensis: (A) CAGS 04-CM-004;

(B) CAGS 04-CM-015. (Photograph by Hailu You, CAGS, with permission.)
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specimen (Figure 3.14; Zhou & Zhang, 2006;

Zhou et al., 2010), and the interrelationships

between basal ornithuromorphs are currently

not well defined.

Another important new basal ornithuromorph

is the flighted Apsaravis ukhaana (Figure 3.18)

(Norell & Clarke, 2001; Clarke & Norell, 2002),

known from an exquisitely well-preserved speci-

men from the Late Cretaceous of Mongolia. The

skeleton of Apsaravis shows clear similarity to

that of modern birds – the dentaries are fused to

one another, the thoracic vertebral series is

reduced, and the pelvis is very broad. However,

perhaps the most notable feature of Apsaravis is

the development of a pronounced extensor process

on the metacarpal I, which is involved in the

automatic extensionof thehandby thepropatagial

ligaments (Fisher, 1957;Vazquez, 1992, 1994).The

development of the extensor process in Apsaravis

indicates that this bird was able to extend its wing

automatically during the downstroke (Clarke &

Norell, 2002).

Discoveries of more advanced ornithuro-

morphs include the Chinese Early Cretaceous

Gansus yumenensis, known from dozens of

well-preserved specimens from the Xiagou For-

mation, Gansu Province in China (Figure 3.17;

You et al., 2006) and the long-legged Hollanda

luceria (Bell et al., 2010) from the Late Cretaceous

of Mongolia. Hollanda is very incomplete,

known only from a hindlimb, the proportions of

which are very close to those of a modern

Fig. 3.18 Holotypeof ornithuromorphApsaravis ukhaana IGM100/1017, fromtheDjadokhta FormationofMongolia.

(Mark Norell, AMNH, with permission.)
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roadrunner, suggesting a cursorial lifestyle (Bell

et al., 2010). Gansus, from the Early Cretaceous

of China, is one of the most advanced non-

ornithurine birds known, as well as one of the

best represented (You et al., 2006). In addition to

a number of advanced features relative to basal

ornithuromorphs, Gansus shows several marked

similarities tomodern-day aquatic birds, such as a

large and elongate proximocranially projecting

cnemial crest on the tibiotarsus and the proximal

positionof the trochlea ofmetatarsal II. Thepygos-

tyle is greatly reduced suggesting that these birds,

like modern grebes (Podicipediformes) and other

modern water birds, had an extremely abbreviated

tail. These taxa appear to be immediate outgroups

of a clade that includes the famous Ichthyornis

and Hesperornis (Marsh, 1880; Figure 3.19),

Ornithurae.

The phylogenetic analysis presented as part of

this chapter places Ichthyornis as a more remote

outgroup of Neornithes than Hesperornis, an

unusual tree topology that differs from most pre-

vious phylogenies inwhich Ichthyornis andNeor-

nithes shared amost immediate commonancestor

(Chiappe, 1996; Clarke et al., 2006; You et al.,

2006; Zhou et al., 2008). Known since the 19th

century (Marsh, 1880), Ichthyornis is abundant in

the Late Cretaceous marine sediments of the

Western Interior of North America (Clarke,

2004). Although toothed, Ichthyornis is remark-

ably modern in its anatomy. This fully flighted

bird has been compared to a large, modern tern in

terms of ecology (Clarke, 2004). Derived ornithur-

omorphs form a clade Ornithurae (Chiappe,

2002a), which contains the common ancestor of

hesperornithiforms (including Hesperornis) and

Fig. 3.19 Holotype of theMaastrichtian duckVegavis iaaiMLP 93-I03-1 fromAntarctica. (MarkNorell, AMNH,with

permission.)
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Neornithes. The Hesperornithiformes comprise a

unique group of highly derived foot-propelled div-

ing birds. First recognized byO. C.Marsh over 100

years ago (Marsh, 1872a, b), today this group

includes over 25 species classified within three

major groups (i.e. enaliornithids, baptornithids,

and hesperornithids). This makes hesperornithi-

forms one of themost diverse lineages ofMesozoic

birds known, with a geographic distribution

throughout the Northern Hemisphere and possi-

bly extending to the Southern Hemisphere (Lam-

brecht, 1929).Members of the group occupy awide

range of body sizes; the smallest hesperornithi-

form, Enaliornis, was the size of a grebe, while the

largest, Hesperornis and Asiahesperornis, had

body lengths 1.5 times that of the emperor pen-

guin. With the exception of the Early Cretaceous

Enaliornis, all these taxa are known from the

Late Cretaceous. Fossils of hesperornithiformes

are known exclusively from aquatic or marine

deposits and possess a suite of unusual skeletal

adaptations which indicate specialization for a

swimming lifestyle, such as a highly stream-

lined body, powerful hind limbs oriented behind

the body rather than underneath it, and a reduced,

nonfunctional wing. The majority of hesperor-

nithiform fossils are known from deposits of the

Western Interior Seaway of North America; these

include taxa such as Hesperornis regalis, Parahe-

sperornis alexi, and Baptornis advenus, which are

known from nearly complete specimens. Hesper-

ornithiform fossils found elsewhere, such asAsia-

hesperornis of Kazakhstan (Dyke et al., 2006),

Judinornis of Mongolia (Nessov & Borkin, 1983),

andEnaliornis of England (Galton&Martin, 2002)

are much more fragmentary.

TheMesozoic record of Neornithes, the crown-

group clade of birds, is thus far limited to the Late

Cretaceous. A number of fossils previously con-

sidered to be neornithine such as the Early Creta-

ceous Neogaeornis wetzeli (Lambrecht, 1929) of

Chile and the LateCretaceousTeviornis gobiensis

(Kurochkin et al., 2002) of Mongolia are largely

incomplete and their alleged relationship with

neornithines needs to be treated with caution.

Less equivocal specimens have been collected,

such as the purported loon, Lonchodytes from

the Lance Creek Formation (Brokorb, 1963), how-

ever, the best record of Cretaceous neornithines is

the latestCretaceousVegavis iaai fromAntarctica

(Figure 3.20; Clarke et al., 2005). The holotype

specimen is much more complete, preserving

many advanced features absent in basal ornithur-

omorphs such as a fully developed hypotarsus, the

morphology of which allows for the taxonomic

assignment of the specimenwithin Anseriformes.

This fossil indicates that by the close of the Cre-

taceous the Galliformes–Anseriformes split had

already occurred and the radiation ofmodern birds

was fully underway (Clarke et al., 2005).

PHYLOGENETIC HYPOTHESES OF THE

EARLY EVOLUTION OF BIRDS

Phylogenetic hypotheses regarding the interrela-

tionships of Mesozoic avians appear often along-

side descriptions of new taxa, however, these

analyses tend to be limited,with heavy taxonomic

sampling only within the clade of interest. Since

the lastmajor large-scale attempt to resolveMeso-

zoic bird relationships (Chiappe, 2002a), entire

new lineages have been discovered (i.e. the Jeho-

lornithidae and Sapeornithidae), many new spe-

cies have been described, and a great deal of new

information has accumulated on a number of

critical taxa. The present analysis is the most

comprehensive phylogenetic study to date – sig-

nificantly increasing taxonomic sampling and

including new and modified characters. Using

an expanded version of the Gao et al. (2008) char-

acter list (which is modified fromChiappe (2002a)

to incorporate newcharacters aswell as characters

from Clarke et al., 2006), we have scored 54 taxa

for 245 characters in order to place as much of the

current taxonomic diversity within a single phy-

logenetic hypothesis (see Appendices 3A and 3B).

The analysis was rooted using the Dromaeosaur-

idae. All lineages of Mesozoic birds were sampled

including six long-tailed birds (Archaeopteryx

lithographica, Rahonavis ostromi, Jeholornis

prima, Jixiangornis orientalis, Shenzhouraptor

sinensis, and Dalianraptor cuhe), the short-tailed

nonpygostylian Zhongornis haoae, two
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Fig. 3.20 Cladogram of Mesozoic bird relationships; the cladogram represents the strict consensus of the 1242 most

parsimonious trees (length¼788 steps) derived from a cladistic analysis of 245 characters for 54 taxonomic units.
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sapeornithids (Sapeornis chaoyangensis and

Dydactylornis jii) and three confuciusornithids

(Eoconfuciusornis zhengi, Confuciusornis

sanctus and Changchengornis hengdaoziensis).

Eighteen enantiornithines (approximately half

the known diversity) were sampled (Cathayornis

yandica, Concornis lacustris, Elsornis keni, Eoa-

lulavis hoyasi, Eocathayornis walkeri, Eoenan-

tiornis buhleri, Gobipteryx minuta, Hebeiornis

fengningensis, Iberomesornis romerali, Longiros-

travis hani, Longipteryx chaoyangensis, Neuque-

nornis volans, Otogornis genghisi, Pengornis

houi, Protopteryx fengningensis, Rapaxavis

pani, Shanweiniao cooperorum, and Shenqiornis

mengi). Twenty-three fossil ornithuromorph taxa

were included (Ambiortus dementjevi, Apsaravis

ukhaana, Archaeorhynchus spathula, Baptornis

varneri, Baptornis advenus, Enaliornis baretti,

Gansus yummenensis, Hesperornis regalis, Hol-

landa luceria, Hongshanornis longicresta,

Ichthyornis dispar, Liaoningornis longidigitrus,

Limenavis patagonicus, Longicrusavishoui, Para-

hesperornis alexi, Patagopteryx deferrariisi, Son-

glingornis linghensis, Vegavis iaai, Vorona

berivotrensis, Yanornis martini, and Yixianornis

grabaui), with Anas platyrhynchos and Gallus

gallus scored for living Neornithes. The data

were analyzed using the program TNT (Goloboff

et al., 2008); a heuristic parsimony search was

conducted based on 1000 replications of tree bisec-

tion reconnection (TBR) retaining the single short-

est tree from each replication followed by an

additional round of TBR. The analysis produced

1242 trees of 788 steps. The differences in trees are

found primarily within the enantiornithine clade,

with these taxa almost entirely forming a polyt-

omy in the strict consensus as in previous

attempts to understand this clade (Chiappe &

Walker, 2002; Chiappe et al., 2006; Clarke et al.,

2006; Zhou et al., 2008; O’Connor et al., 2009).

The strict consensus tree confirms the basal

placement of Archaeopteryx relative to other

known birds and resolves Rahonavis, Jixiangor-

nis, Jeholornis and Shenzhouraptor in a polytomy

with Pygostylia. Sapeornithidae, Confuciusor-

nithidae, and Ornithothoraces form a polytomy.

Dalianraptor and Zhongornis fall with in this

polytomy, forming a dichotomy with Confuciu-

sornithidae. Eoconfuciusornis is resolved as a

basal confuciusornithid.

Ornithothoraces consists of a dichotomy

between Enantiornithes and Ornithuromorpha.

Within Enantiornithes there is little resolution;

Liaoningornis is resolved as an enantiornithine

(formerly interpreted as an ornithuromorph;

Zhou & Zhang, 2006) forming a relationship

with Eoalulavis. Gobipteryx and Hebeiornis

form another clade. Archaeorhynchus is resolved

as the most basal ornithuromorph. Patagopteryx,

Apsaravis, Ambiortus, Vorona, Hongshanornithi-

dae (Hongshanornis and Longicrusavis), and Son-

glingornithidae (Songlingornis, Yanornis, and

Yixianornis) form a polytomy with more derived

ornithuromorphs: Gansus, Ichthyornis, and Hol-

landa form successive outgroups to Ornithurae, a

dichotomy between Neornithes and Hesperor-

nithiformes. Limenavis and Enaliornis form a

polytomy with other hesperornithiforms. Parahe-

sperornis andHesperornis form the derived clade,

with Baptornis varneri and Baptornis advenus

forming successive outgroups. Vegavis is resolved

outside the clade formed by Anas and Gallus.

There are several interesting hypotheses sug-

gested by these results. Rahonavis is typically

resolved as more primitive than the Early Creta-

ceous long-tailed birds, but is here resolved in a

polytomy with these taxa. This polytomy does

support previous inferences that Shenzhouraptor

and Jixiangornismay be junior synonyms of Jeho-

lornis, however, the fact that Rahonavis also falls

in this polytomy suggests a lack of character sam-

pling for themost basal, long-tailed birds. In depth

studies into the taxonomic validity of Shenzhour-

aptor and Jixiangornis, detailed data on the mor-

phology of these long-tailed birds, and the

description of new Rahonavis material will cer-

tainly lend clarity to the relationships of these

taxa.

The existence of a Dalianraptor and Zhongor-

nis clade closely related to the confuciusornithids

requires further investigation. Dalianraptor,

which is poorly known, is only ambiguously

aligned with Zhongornis, the result of uncertain

scorings in the former. The poor preservation of
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both taxa and juvenile status of the only known

specimen ofZhongornismay be clouding the phy-

logenetic placement of these taxa. Dalianraptor

also shows distinct departures from Jeholornis and

other Jehol long-tailed birds, such as major differ-

ences in proportions and a subsequently much

shorter wing in Dalianraptor. These differences

suggest that Dalianraptor, like Jinfengopteryx,

may prove not to be a bird and requires further

investigation (Turner et al., 2007).

Confuciusornis is most commonly resolved as

the closest sister taxon to Ornithothoraces (Zhou

& Zhang, 2005; Clarke et al., 2006; Zhou et al.,

2008), however, Sapeornis has also been resolved

as the more derived pygostylian (O’Connor et al.,

2009). These clades are here unresolved in a polyt-

omy with Ornithothoraces. More in-depth

study and higher-character sampling, especially

within Sapeornithidae, may help to clarify this

relationship.

As in previous analyses, Ornithothoraces is

resolved as a dichotomy between Enantiornithes

and Ornithuromorpha. Enantiornithes, also con-

sistent with previous analyses (Chiappe, 2002a;

Zhang et al., 2008b), is largely resolved as a polyt-

omy, with even previously phylogenetically sup-

ported clades such as Longipterygidae no longer

resolved (Chiappe et al., 2006; O’Connor et al.,

2009). This highlights an already apparent prob-

lem with this clade, and even enantiornithine

specific analyses have failed to resolve the clade

(Chiappe & Walker, 2002; Chiappe et al., 2006).

While the interrelationships of the clade may

prove very difficult to clarify, this polytomy

may also be resolved by increased character sam-

pling and newmaterial for existing taxa. The Jehol

bird Liaoningornis is resolved as part of the enan-

tiornithine clade and closely related to the Spanish

Eoalulavis. This relationship is supported by the

bizarre and similar sternal morphology of these

two taxa. The placement of Liaoningornis outside

Ornithuromorpha is further supported by the

absence of derived morphologies such as two cne-

mial crests on the tibiotarsus or a fully fused

tarsometatarsus, as well as the significant depar-

ture in sternal morphology from other ornithur-

omorph taxa, in which the sternum is fairly

conservative.

The basal placement of Archaeorhynchus

within Ornithuromorpha has been supported by

previous analyses (Zhou & Zhang, 2006; Zhou

et al., 2010). Basal ornithuromorphs are not

resolved, and Apsaravis is included in this polyt-

omy despite some previous analyses that have

suggested this taxon is more derived (Clarke

et al., 2006; You et al., 2006; Zhou & Zhang,

2006). A songlingornithid clade formed by Son-

glingornis, Yixianornis, and Yanornis is resolved,

which has been supported in previous analyses

(Clarke et al., 2006). Gansus falls outside

Ornithurae, contra You et al. (2006), which may

reflect new information on this taxon as well as

the influence of greater taxonomic sampling of

ornithuromorph taxa in the present analysis.

Most past analyses have placed Ichthyornis

closer tomodern birds thanHesperornis (Chiappe,

2002a; Clarke, 2004; Zhou & Zhang, 2005; You

et al., 2006; Zhou et al., 2010). This study includes

a comprehensive reviewof the anatomyofHesper-

ornithiformes and thus may be a more accurate

assessment of the relationships of these taxa.

Hesperornithiformes are here resolved as closer

to living birds than Ichthyornis,whichwould then

exclude Ichthyornis fromOrnithurae (this clade is

defined as the common ancestor of Hesperornis

and Neornithes plus all its descendants). The

placement ofVegavis outside Neornithes is likely

the result of very low character sampling in this

derived clade.

These results highlight taxa that cannot be

resolved further without additional information

(i.e.Dalianraptor), aswell as pre-existing problems

(i.e. the large enantiornithine polytomy). The lack

of resolution in the basal region of the tree may

reflect a trend similar to that observed in the

enantiornithine clade, with increasing taxonomic

diversitywithout detailed studies producing a lack

of phylogenetic resolution. The relationships

between and within avian clades require detailed

studies of the several poorly known taxa and

greater amounts of available morphological data

on all taxa to untangle. An increase in available

morphological data can be translated to characters

and character states to better reflect the known

morphological variation in order to create phylo-

genetic hypotheses with increasing accuracy.
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CONCLUSIONS

When taxa are placed in the frame of a phyloge-

netic hypothesis, the Mesozoic avian fossil record

reveals several interesting hypotheses regarding

early evolutionary trajectories. Avian evolution is

highly plastic and numerous characters and eco-

morphs acquired during theCenozoic evolution of

Neornithes had already been experimented with

by multiple lineages of Mesozoic birds. For exam-

ple, the absence of teeth – a synapomorphy for

Neornithes – evolved in several lineages of Meso-

zoic, pre-modern birds (e.g. Confuciusornithidae,

Gobipteryx) as well as outside Aves within Ther-

opoda. The postorbital bone likely reduced several

times outsideOrnithuromorphawhere itwas lost,

and the diapsid condition appears secondarily

derived within the confuciusornithids and at

least one enantiornithine. Manual reduction

also shows convergent reductionwithin Enantior-

nithes and Ornithuromorpha although the manus

of each group is distinct morphologically from the

other. Ecologically, the Mesozoic radiation of

birds also achieved and thus pre-dated some of

the specializations seen among their living coun-

terparts. For example, flightlessness – typical of

numerous lineages of modern birds – is inferred to

have evolved independently in at least three

lineages of Mesozoic birds (i.e. Patagopteryx,

Hesperornithiforms, and possibly in the enantior-

nithine Elsornis). Littoral ecomorphs evolved in

the form of wading birds in both clades of

ornithothoracines (Lectavis and the hongshanor-

nithids) as well as in the form of trophically spe-

cialized mud-probing taxa (enantiornithines

Longirostravis and Rapaxavis). The flightless

hesperornithiforms were highly specialized

divers, similar in appearance to themodern grebes,

with dense bones and rotating lobed feet.

The Late Jurassic Archaeopteryx continues to

be the oldest and the most primitive known bird.

By around 130–120Ma, a large number of lineages

make their debut in the fossil record in the now

celebrated sediments of the Jehol Group in north-

eastern China. No information, however, is avail-

able for the roughly 20 million-year-gap between

when Archaeopteryx lived and when the Jehol

avifauna flourished. Undoubtedly, this time

period holds critical clues for understanding the

early phases of avian diversification in the Meso-

zoic. The Jehol avifauna provides an excellent

picture of avian diversification in the Early Cre-

taceous. A number of long-tailed birds, whose

precise taxonomy and relationships need to be

further studied, are recordedalongside early pygos-

tylians (short-tailed birds) and ornithothoracines

(enantiornithines and ornithuromorphs).With the

exception of the insular Rahonavis (Forster et al.,

1998a), which some interpret as nonavian (Mako-

vicky et al., 2005), all pre-ornithothoracine birds

disappear from the fossil record after the time

recorded by the Jehol avifauna. Later in the

Early Cretaceous, both enantiornithines and

ornithuromorphs diversified across the globe.

Throughout the Cretaceous Period these birds

occupied a wide variety of marine, shoreline,

and continental habitats using a diversity of mor-

phological features. Early in their divergence,

these birds established themselves as strong

flyers, possessing skeletal (i.e. narrow furcula,

keel) and integumentary modifications for flight

(i.e. alula, tail fan). Nested within the ornithuro-

morph radiation is the radiation of modern birds.

The fossil record indicates that this radiation was

well established by the close of the Cretaceous

although the timing and sequence of this diversi-

fication is still unclear.

The inferred evolutionary relationships

between pre-modern birds continue to change as

new lineages are discovered andnewdata becomes

available for known taxa. The incredible diversity

now known reflects a large amount of new mor-

phological information that is not currently

reflected in publications. Detailed studies of

these fascinating new birds will lend greater detail

to our understanding of the earliest avifaunas.
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APPENDIX 3A

There are 245 characters total included in this

analysis. Each character is described in the list

below, which largely follows Gao et al. (2008) and

O’Connor et al. (2009) but with the following

modifications. Characters 4, 9, 95, 159, 202, 204,

210, 222, 227, and 234 in the former lists have been

reworded or expanded to possess an additional

state. Character 5 has been removed. Five new

characters are also included (in this list: 80, 108,

202, 237, and 241). Descriptions for some of the

characters include clarification of themorphology

that is intended to be scored for given characters

and states. The scores for each character against

each of the 54 taxa (Figure 3.19) are tabulated in

Appendix 3B.

Skull and mandible

1 Premaxillae in adults: unfused (0); fused only

rostrally (1); completely fused (2). (ORDERED)

2 Maxillary process of the premaxilla:

restricted to its rostral portion (0); subequal

or longer than the facial contribution of the

maxilla (1).

3 Frontal process of the premaxilla: short (0);

relatively long, approaching the rostral border

of the antorbital fenestra (1); very long,

extending caudally near the level of lacrimals

(2). (ORDERED)

4 Premaxillary teeth: present throughout (0);

present but rostral tip edentulous (1); pres-

ent but restricted to rostral portion (2);

absent (3).

5 Caudal margin of naris: far rostral than the

rostral border of the antorbital fossa (0); nearly

reaching or overlapping the rostral border of

the antorbital fossa (1).

6 Naris longitudinal axis: considerably shorter

than the long axis of the antorbital fossa (0);

subequal or longer (1). We are using the lon-

gitudinal axis of these structures as a proxy

for their relative size. The longitudinal axis is

often easier to measure than the actual area

enclosed by either the naris or the antorbital

fossa.

7 Maxillary teeth: present (0); absent (1).

8 Dorsal (ascending) ramus of themaxilla: pres-

ent with two fenestra (the promaxilllary and

maxillary fenestra) (0); present with one

fenestra (1); unfenestrated (2); ramus absent

(3). (ORDERED)

9 Caudal margin of choana: located rostrally,

not overlapping the region of the orbit (0);

displaced caudally, at the same level or over-

lapping the rostral margin of the orbit (1).

10 Rostral margin of the jugal: away from the

caudal margin of the naris (0); or very close to

(leveledwith) the caudalmargin of the naris (1).

11 Contact between palatine and maxilla/pre-

maxilla: palatine contact maxilla only (0);

contacts premaxilla and maxilla (1).

12 Vomer and pterygoid articulation: present,

well developed (0); reduced, narrow process

of pterygoid passes dorsally over palatine to

contact vomer (1); absent, pterygoid and

vomer do not contact (2).

13 Jugalprocessofpalatine: present (0); absent (1).

14 Contact between palatine and pterygoid:

long, craniocaudally overlapping contact (0);

short, primarily dorsoventral contact (1).

15 Contact between vomer and premaxilla: pres-

ent (0); absent (1).

16 Ectopterygoid: present (0); absent (1).

17 Postorbital: present (0); absent (1).

18 Contact between postorbital and jugal: pres-

ent (0); absent (1).

19 Quadratojugal: sutured to the quadrate (0);

joined through a ligamentary articulation (1).

20 Lateral, round cotyla on the mandibular pro-

cess of the quadrate (quadratojugal articula-

tion): absent (0); present (1).

21 Contact between the quadratojugal and squa-

mosal: present (0); absent (1).

22 Squamosal incorporated into the braincase,

forming a zygomatic process: absent (0); pres-

ent (1).
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23 Squamosal, ventral or “zygomatic” process:

variably elongate, dorsally enclosing otic pro-

cess of the quadrate and extending cranioven-

trally along shaft of this bone, dorsal head of

quadrate not visible in lateral view (0); short,

head of quadrate exposed in lateral view (1).

24 Frontal/parietal suture in adults: open (0);

fused (1).

25 Quadrate orbital process (pterygoid ramus):

broad (0); sharp and pointed (1).

26 Quadrate pneumaticity: absent (0); present (1).

27 Quadrate: articulating onlywith the squamo-

sal (0); articulating with both prootic and

squamosal (1).

28 Otic articulation of the quadrate: articulates

with a single facet (squamosal) (0); articulates

with two distinct facets (prootic and squa-

mostal) (1); articulates with two distinct

facets and quadrate differentiated into two

heads (2). (ORDERED)

29 Quadrate distal end: with two transversely

aligned condyles (0); with a triangular, con-

dylar pattern, usually composed of three dis-

tinct condyles (1).

30 Basipterygoid processes: long (0); short (artic-

ulation with pterygoid subequal to, or longer

than, amount projected from the basisphe-

noid rostrum) (1).

31 Pterygoid, articular surface for basipterygoid

process: concave “socket,” or short groove

enclosed by dorsal and ventral flanges (0);

flat to convex (1); flat to convex facet, stalked,

variably projected (2). (ORDERED)

32 Eustachian tubes: paired, lateral, and well-

separated from each other (0); paired, close

to each other and to cranial mid-line or form-

ing a single cranial opening (1).

33 Osseous interorbital septum (mesethmoid):

absent (0); present (1).

34 Dentary teeth: present (0); absent (1).

35 Dentary tooth implantation: teeth in individ-

ual sockets (0); teeth in a communal groove

(1).

36 Symphysial portion of dentaries: unfused (0);

fused (1).

37 Deeply notched rostral end of themandibular

symphysis: absent (0); present (1).

38 Mandibular symphysis, symphyseal foram-

ina: absent (0); single (1); paired (2).

39 Mandibular symphysis, symphyseal fora-

men/foramina: opening on caudal edge of

symphysis (0); opening on dorsal surface of

symphysis (1).

40 Small ossification present at the rostral tip of

the mandibular symphysis (intersymphysial

ossification): absent (0); present (1). Martin

(1987:13) refers to this ossification as the

“predentary.” This term is inappropriate as

it implies a homology between this ossifica-

tion and the predentary bone of ornithischian

dinosaurs – a hypothesis that is not supported

by parsimony.

41 Caudal margin of dentary strongly forked:

unforked, or with a weakly developed dorsal

ramus (0); strongly forkedwith the dorsal and

ventral rami approximately equal in caudal

extent (1).

42 Mandibular ramus sigmoidal such that the

rostral tip is dorsally convex and the caudal

end is dorsally concave: absent (0); present (1).

43 Cranial extent of splenial: stops well caudal

to mandibular symphysis (0); extending to

mandibular symphysis, though noncontact-

ing (1); extending to proximal tip ofmandible,

contacting on mid-line (2). (ORDERED)

44 Meckel’s groove (medial side of mandible):

not completely covered by splenial, deep and

conspicuousmedially (0); coveredby splenial,

not exposed medially (1).

45 Rostral mandibular fenestra: absent (0); pres-

ent (1).

46 Caudal mandibular fenestra: present (0);

absent (1). We regard the caudal mandibular

fenestra of neornithines as homologous to the

surangular fenestra of non-avian dinosaurs

(Chiappe, 2002b).

47 Articular pneumaticity: absent (0); present (1).

48 Teeth: serrated crowns (0); unserrated

crowns (1).

Vertebral column and ribs

49 Atlantal hemiarches in adults: unfused (0);

fused, forming a single arch (1).
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50 Oneormorepneumatic foraminapiercing the

centra of mid-cranial cervicals, caudal to the

level of the parapophysis-diapophysis: pres-

ent (0); absent (1).

51 Cervical vertebrae: variably dorsoventrally

compressed, amphicoelous (“biconcave”:

flat to concave articular surfaces) (0); cranial

surface heterocoelous (i.e., mediolaterally

concave, dorsoventrally convex), caudal sur-

face flat or slightly concave (1); heterocoelous

cranial (i.e., mediolaterally concave, dorso-

ventrally convex) and caudal (i.e., mediolat-

erally convex, dorsoventrally concave)

surfaces (2). (ORDERED)

52 Prominent carotid processes in the interme-

diate cervicals: absent (0); present (1).

53 Postaxial cervical epipophyses: prominent,

projecting further back from the post-

zygapophysis (0); weak, not projecting fur-

ther back from the postzygapophysis, or

absent (1).

54 Keel-like ventral surface of cervical centra:

absent (0); present (1).

55 Prominent (50% or more the height of the

centrum’s cranial articular surface) ventral

processes of the cervicothoracic vertebrae:

absent (0); present (1).

56 Thoracic vertebral count: 13–14 (0); 11–12

(1); fewer than 11 (2). The transition

between cervical and thoracic vertebrae is

often difficult to identify, which makes

counting these vertebrae problematic.

Here, thoracic vertebrae are defined as pos-

sessing free, ventrally projecting ribs.

When inarticulated, vertebral morphology

should be used. (ORDERED)

57 Thoracic vertebrae: at least part of serieswith

subround, central articular surfaces (e.g.

amphicoelous/opisthocoelous) that lack the

dorsoventral compression seen in heterocoe-

lous vertebrae (0); series completely hetero-

coelous (1).

58 Caudal thoracic vertebrae, centra, length

and mid-point width: approximately

equal in length and mid-point width (0);

length markedly greater than mid-point

width (1).

59 Wide vertebral foramen in the mid-caudal

thoracic vertebrae, vertebral foramen/articu-

lar cranial surface ratio (vertical diameter)

larger than 0.40: absent (0); present (1).

60 Hyposphene–hypantrum accessory interver-

tebral articulations in the thoracic vertebrae:

present (0); absent (1).

61 Lateral side of the thoracic centra: weakly or

not excavated (0); deeply excavated by a

groove (1); excavated by a broad fossa (2).

62 Cranial thoracic vertebrae, parapophyses:

located in the cranial part of the centra of

the thoracic vertebrae (0); located in the

central part of the centra of the thoracic

vertebrae (1).

63 Notarium: absent (0); present (1).

64 Sacral vertebrae, number ankylosed (synsa-

crum): less than 7 (0); 7 (1); 8 (2); 9 (3); 10 (4); 11

or more (5); 15 or more (6). (ORDERED)

65 Synsacrum, procoelous articulation with

last thoracic centrum (deeply concave

facet of synsacrum receives convex articu-

lation of last thoracic centrum): absent (0);

present (1).

66 Cranial vertebral articulation of first sacral

vertebra: approximately equal in height and

width (0); wider than high (1).

67 Series of short sacral vertebrae with dorsally

directed parapophyses just cranial to the ace-

tabulum: absent (0); present, three such ver-

tebrae (1); present, four such vertebrae (2).

(ORDERED)

68 Convex caudal articular surface of the synsa-

crum: absent (0); present (1).

69 Degree of fusion of distal caudal vertebrae:

fusion absent (0); few vertebrae partially

ankylosed (intervening elements arewell-dis-

cernible) (1); vertebrae completely fused into

a pygostyle (2). (ORDERED)

70 Free caudal vertebral count: more than 35 (0);

35–26 (1); 25–20 (2); 19–9 (3); 8 or less (4).

(ORDERED)

71 Procoelous caudals: absent (0); present (1).

72 Distal caudal vertebra prezygapophyses:

elongate, exceeding the length of the centrum

by more than 25% (0); shorter (1); absent (2).

(ORDERED)
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73 Free caudals, length of transverse processes:

approximately equal to, or greater than, cen-

trum width (0); significantly shorter than

centrum width (1).

74 Proximal haemal arches: elongate, at least

three times longer than wider (0); shorter

(1); absent (2). (ORDERED)

75 Pygostyle: longer than or equal to the com-

bined length of the free caudals (0); shorter (1).

76 Cranial end of pygostyle dorsally forked:

absent (0); present (1).

77 Cranial end of pygostyle with a pair of lam-

inar, ventrally projected processes: absent (0);

present (1).

78 Distal constriction of pygostyle: absent (0);

present (1). In the pygostyles of some enan-

tiornithine taxa, the distalmost mediolateral

width is reduced so that the mid-line of the

pygostyle projects distally farther than the

lateral margins (Chiappe et al., 2002b).

79 Ossified uncinate processes in adults: absent

(0); present and free (1); present and fused (2).

80 Uncinate process, orientation: perpendicular

to rib (0); angled dorsally defining an acute

angle with the rib (1).

81 Gastralia: present (0); absent (1).

Thoracic Girdle and Sternum

82 Coracoid shape: rectangular to trapezoidal in

profile (0); strut-like (1).

83 Coracoid and scapula articulation: through a

wide, sutured articulation (0); through more

localized facets (1).

84 Scapula: articulated at the shoulder (proxi-

mal) end of the coracoid (0); well below it (1).

85 Coracoid, humeral articular (glenoid) facet:

dorsal to acrocoracoid process/“biceps

tubercle” (0); ventral to acrocoracoid pro-

cess (1).

86 Humeral articular facets of the coracoid and

the scapula: placed in the same plane (0);

forming a sharp angle (1).

87 Coracoid, acrocoracoid: straight (0); hooked

medially (1).

88 Laterally compressed shoulder end of cora-

coid, with nearly aligned acrocoracoid pro-

cess, humeral articular surface, and

scapular facet, in dorsal view: absent (0); pres-

ent (1).

89 Procoracoid process on coracoid: absent (0);

present (1).

90 Distinctly convex lateral margin of coracoid:

absent (0); present (1).

91 Broad, deep fossa on the dorsal surface of the

coracoid (dorsal coracoidal fossa): absent (0);

present (1).

92 Supracoracoidal nerve foramen of coracoid:

centrally located (0); displaced toward (often

as an incisure) the medial margin of the cor-

acoid (1); displaced so that its nerve no longer

passes through the coracoid (absent) (2).

(ORDERED) In some taxa the n. supracora-

coideus does not pierce the coracoid, but is

assumed topassmedially at the level between

the bone’smid-point and its glenoid (humeral

articular facet).

93 Coracoid, medial surface, strongly depressed

elongate furrow at the level of the passage of

n. supracoracoideus: absent (0); present (1).

94 Supracoracoid nerve foramen, location rela-

tive to dorsal coracoidal fossa: above fossa (0);

inside fossa (1).

95 Coracoid, sternolateral corner: unexpanded

(0); expanded (1); well developed squared-off

lateral process (sternocoracoidal process) (2);

present and with a distinct omal projection

(hooked) (3).

96 Scapular shaft: straight (0); sagittally curved (1).

97 Scapula, length: shorter than humerus (0); as

long as or longer than humerus (1).

98 Scapular acromion costolaterally wider than

deeper: absent (0); present (1).

99 Scapula, acromion process: projected cra-

nially surpassing the articular surface for

coracoid (facies articularis coracoidea;

Baumel & Witmer, 1993) (0); projected

less cranially than the articular surface

for coracoid (1).

100 Scapula, acromion process: straight (0); lat-

erally hooked tip (1).

101 Proximal end of scapula, pit between acro-

mion and humeral articular facet (scapular

fossa): absent (0); present (1).
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102 Costal surface of scapular blade with promi-

nent longitudinal furrow: absent (0); present

(1).

103 Scapular caudal end: blunt (mayormaynot be

expanded) (0); sharply tapered (1).

104 Furcular, shape: boomerang-shaped (0); V- to

Y-shaped (1); U-shaped (2).

105 Furcula interclavicular angle: approximately

90� (0); less than 70� (1). The interclavicular

angle is measured as the angle formed

between three points, one at the omal end

of each rami and the apex located at the

clavicular symphysis.

106 Dorsal and ventral margins of the furcula:

subequal inwidth (0); ventralmargindistinctly

wider than the dorsal margin so that the fur-

cular ramus appears concave laterally (1).

107 Hypocleideum: absent (0); present as a tuber-

cle or short process (1); present as an elongate

process approximately 30% rami length (2);

hypertrophied, exceeding 50% rami length

(3). ORDERED

108 Sternum: unossified (0); partially ossified,

coracoidal facets cartilaginous (1); fully ossi-

fied (2).

109 Ossified sternum: two flat plates (0); single

flat element (1); single element, with slightly

raisedmid-line ridge (2); single element, with

projected carina (3).

110 Sternal carina: near to, or projecting rostrally

from, the cranial border of the sternum (0);

not reaching the cranial border of the sternum

(1).

111 Sternum, caudal margin, number of paired

caudal trabecula: none (0); one (1); two (2).

The use of “lateral” and “medial” to iden-

tify the specific sternal processes is aban-

doned here due to the difficulty of

identifying trabecula when only one is pres-

ent. Eoenantiornis is scored as a “?” due to

the uncertain status of the sternal pro-

cesses; it is possible that the identified

“lateral process” (Zhou et al., 2005) is actu-

ally the distal humerus.

112 Sternum, outermost trabecula, shape: tips

terminate cranial to caudal end of sternum

(0); tips terminate at or approaching caudal

end of sternum (1); tips extend caudally past

the termination of the sternal mid-line (2).

113 Prominent distal expansion in the outermost

trabecula of the sternum: absent (0); present

(1).

114 Rostral margin of the sternum broad and

rounded: absent (0); present (1).

115 Sternum, coracoidal sulci spacing on cranial

edge: widely separated mediolaterally (0);

adjacent (1); crossed on mid-line (2). In taxa

such as Eoalulavis in which the preserved

sternum does not bear actual sulci, the place-

ment of the coracoids can be used to infer

their position relative to the sternum.

116 Costal facets of the sternum: absent (0);

present (1).

117 Sternal costal processes: three (0); four (1);

five (2); six (3); seven (4); eight (5).

(ORDERED)

118 Sternal mid-line, caudal end: blunt W-shape

(0); V-shape (1); elongate straight projection

(xiphoid process) (2); flat (3); rounded (4).

119 Sternum, caudal half, paired enclosed fenes-

tra: absent (0); present (1).

120 Sternum, dorsal surface, pneumatic foramen

(or foramina): absent (0); present (1).

Thoracic limb

121 Proximal and distal humeral ends: twisted

(0); expanded nearly in the same plane

(1).

122 Humeral head: concave cranially and convex

caudally (0); globe shaped, craniocaudally

convex (1).

123 Proximal margin of the humeral head con-

cave in its central portion, rising ventrally

and dorsally: absent (0); present (1).

124 Humerus, proximocranial surface, well-

developed circular fossa on mid-line: absent

(0); present (1).

125 Humeruswith distinct transverse ligamental

groove: absent (0); present (1).

126 Humerus, ventral tubercle projected cau-

dally, separated from humeral head by deep

capital incision: absent (0); present (1).
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127 Pneumatic fossa in the caudoventral

corner of the proximal end of the humerus:

absent or rudimentary (0); well developed

(1).

128 Humerus, deltopectoral crest: projected dor-

sally (the plane of the crest is coplanar to the

cranial surface of the humerus) (0); projected

cranially (1).

129 Humerus, deltopectoral crest: less than shaft

width (0); approximately same width (1);

prominent and subquadrangular (i.e., subeq-

ual length and width) (2).

130 Humerus, deltopectoral crest, perforated by a

large fenestra: absent (0); present (1).

131 Humerus, bicipital crest: little or no cra-

nial projection (0); developed as a cranial

projection relative to shaft surface in ven-

tral view (1); hypertrophied, rounded

tumescence (2).

132 Humerus, distal end of bicipital crest, pit-

shaped fossa for muscular attachment:

absent (0); craniodistal on bicipital crest

(1); directly ventrodistal at tip of bicipital

crest (2); caudodistal, variably developed as

a fossa (3).

133 Distal end of the humerus very compressed

craniocaudally: absent (0); present (1).

134 Humerus, demarcation of muscle origins (e.

g. m. extensor metacarpi radialis in Aves)

on the dorsal edge of the distal humerus: no

indication (0); a variably projected scar-

bearing tubercle (dorsal supracondylar pro-

cess) (2).

135 Well-developed brachial depression on the

cranial face of the distal end of the humerus:

absent (0); present (1). We interpret the bra-

chial fossa not as a depression on the cranio-

distal endof thehumerusbut as a distinct scar

for muscle attachment.

136 Well-developed olecranon fossa on the caudal

face of the distal end of the humerus: absent

(0); present (1).

137 Humerus, distal end, caudal surface, groove

for passage of m. scapulotriceps: absent (0);

present (1).

138 Humerus, m. humerotricipitalis groove:

absent (0); present as awell-developed ventral

depression contiguous with the olecranon

fossa (1).

139 Humerus, distal margin: approximately per-

pendicular to long axis of humeral shaft (0);

ventrodistal margin projected significantly

distal to dorsodistal margin, distal margin

angled strongly ventrally (sometimes

described as a well-projected flexor process)

(1).

140 Humeral distal condyles: mainly located on

distal aspect (0); on cranial aspect (1).

141 Humerus, long axis of dorsal condyle: at

low angle to humeral axis, proximodistally

oriented (0); at high angle to humeral axis,

almost transversely oriented (1).

142 Humerus, distal condyles: subround, bulbous

(0); weakly defined, “strap-like” (1).

143 Humerus, ventral condyle: length of long

axis of condyle less than the same mea-

sure of the dorsal condyle (0); same or

greater (1).

144 Ulna: shorter than humerus (0); nearly equiv-

alent to or longer than humerus (1).

145 Ulnar shaft, radial-shaft/ulnar-shaft ratio:

larger than 0.70 (0); smaller than 0.70 (1).

146 Ulna, cotylae: dorsoventrally adjacent (0);

widely separated by a deep groove (1).

147 Ulna, dorsal cotyla strongly convex: absent

(0); present (1).

148 Ulna, bicipital scar: absent (0); developed as a

slightly raised scar (1); developed as a con-

spicuous tubercle (2).

149 Proximal end of the ulna with a well-defined

area for the insertion ofm. brachialis anticus:

absent (0); present (1).

150 Semilunate ridge on the dorsal condyle of the

ulna: absent (0); present (1).

151 Shaft of radius with a long longitudinal

groove on its ventrocaudal surface: absent

(0); present (1).

152 Ulnare: heart-shaped with little differentia-

tion into short rami (0); U-shaped to V-

shaped, well-developed rami (1).

153 Ulnare, ventral ramus (crus longus, Baumel&

Witmer, 1993): shorter than dorsal ramus

(crus brevis) (0); same length as dorsal

ramus (1); longer than dorsal ramus (2).
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154 Semilunate carpal andproximal ends ofmeta-

carpals in adults: unfused (0); semilunate

fused to the alular (I) metacarpal (1); semilu-

nate fused to the major (II) and minor (III)

metacarpals (2); fusion of semilunate and

all metacarpals (3). Any specimen that is

inferred to be a juvenile should be scored as

a “?” in order to account for the possibility of

ontogenetic change.

155 Semilunate carpal, position relative to the

alular metacarpal (I): over entire proximal

surface (0); over less than one-half proximal

surface or no contact present (1).

156 Carpometacarpus, proximal ventral surface:

flat (0); raised ventral projection contiguous

with minor metacarpal (1); pisiform process

forming a distinct peg-like projection (2).

157 Carpometacarpus, ventral surface, supratro-

chlear fossa deeply excavating proximal sur-

faceof pisiformprocess: absent (0); present (1).

158 Round-shaped alular metacarpal (I): absent

(0); present (1).

159 Alular metacarpal (I), extensor process:

absent, no cranioproximally projected mus-

cular process (0); present, tip of extensor pro-

cess just surpassed the distal articular facet

for phalanx 1 in cranial extent (1); tip of

extensor process conspicuously surpasses

articular facet by approximately half the

width of facet, producing a pronounced

knob (2); tip of extensor process conspicu-

ously surpasses articular facet by approxi-

mately the width of facet, producing a

pronounced knob (3). (ORDERED)

160 Alular metacarpal (I), distal articulation

with phalanx I: ginglymoid (0); shelf (1);

ball-like (2).

161 Metacarpal III, craniocaudal diameter as a

percentage of same dimension of metacarpal

II: approximately equal or greater than 50%

(0); less than 50% (1).

162 Proximal extension of metacarpal III: level

with metacarpal II (0); ending distal to prox-

imal surface of metacarpal II (1).

163 Intermetacarpal process or tubercle on meta-

carpal II: absent (0); present as scar (1); present

as tubercle or flange (2).

164 Intermetacarpal space: absent or very narrow

(0); at least as wide as the maximumwidth of

minor metacarpal (III) shaft (1).

165 Intermetacarpal space: reaches proximally as

far as the distal end of metacarpal I (0); termi-

nates distal to end of metacarpal I (1).

166 Distal end of metacarpals: unfused (0); par-

tially or completely fused (1).

167 Minor metacarpal (III) projecting distally

more than the major metacarpal (II): absent

(0); present (1).

168 Alular digit (I): long, exceeding the distal end

of the major metacarpal (0); subequal (1);

short, not surpassing this metacarpal (2).

(ORDERED)

169 Proximal phalanx ofmajor digit (II): of normal

shape (0); flat and craniocaudally expanded (1).

170 Major digit (II), phalanx 1, “internal index

process” (Stegmann, 1978) on caudodistal

edge: absent (0); present (1).

171 Second phalanx ofmajor digit (II): longer than

proximal phalanx (0); shorter than or equiva-

lent to proximal phalanx (1).

172 Ungual phalanx of major digit (II): present (0);

absent (1).

173 Ungual phalanx ofmajor digit (II) much smal-

ler than the unguals of the alular (I) andminor

(III) digits: absent (0); present (1).

174 Proximal phalanxof theminordigit (III)much

shorter than the remaining nonungual pha-

langes of this digit: absent (0); present (1).

175 Ungual phalanx of minor digit (III): present

(0); absent (1).

176 Length of manus (semilunate carpal +major

metacarpal and digit) relative to humerus:

longer (0); subequal (1); shorter (2).

(ORDERED)

177 Intermembral index= (length of humerus +

ulna)/(length of femur+ tibiotarsus): less

than 0.7, flightless (0); between 0.7 and 0.9

(1); between 0.9 and 1.1 (2); greater than1.1 (3).

Pelvic girdle

178 Pelvic elements in adults, at the level of the

acetabulum: unfused or partial fusion (0);

completely fused (1).
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179 Ilium/ischium, distal co-ossification to

completely enclose the ilioischiadic fenestra:

absent (0); present (1).

180 Preacetabular process of iliumtwice as long as

postacetabular process: absent (0); present (1).

181 Preacetabular ilium: approach on mid-line,

open, or cartilaginous connection (0); co-ossi-

fied,dorsal closureof “iliosynsacral canals” (1).

182 Ilium, m. cuppedicus fossa as broad, medio-

laterally oriented surface directly cranioven-

tral to acetabulum: present (0); surface absent,

insertion variably marked by a small entirely

lateral fossa cranial to acetabulum (1).

183 Preacetabular pectineal process (Baumel &

Witmer, 1993): absent (0); present as a small

flange (1); present as a well-projected flange

(2). (ORDERED)

184 Small acetabulum, acetabulum/ilium length

ratio equal to or smaller than 0.11: absent (0);

present (1).

185 Prominent antitrochanter: caudally directed

(0); caudodorsally directed (1).

186 Postacetabular process shallow, less than

50% of the depth of the preacetabular wing

at the acetabulum: absent (0); present (1).

187 Iliac brevis fossa: present (0); absent (1).

188 Ischium: two-thirds or less the length of the

pubis (0); more than two-thirds the length of

the pubis (1).

189 Obturator process of ischium: prominent (0);

reduced or absent (1). The ischium ofArchae-

opteryx is forked distally; the thicker cranio-

ventrally oriented fork is here interpreted to

be the obturator process.

190 Ischium, caudal demarcation of the obturator

foramen: absent (0); present, developed as a

small flange or raised scar contacting/fused

with pubis and demarcating the obturator

foramen distally (1).

191 Ischium with a proximodorsal (or proximo-

caudal) process: absent (0); present (1).

192 Ischiadic terminal processes forming a sym-

physis: present (0); absent (1).

193 Orientation of proximal portion of pubis: cra-

nially to subvertically oriented (0); retro-

verted, separated from the main synsacral

axis by an angle ranging between 65� and

45� (1); more or less parallel to the ilium

and ischium (2). (ORDERED)

194 Pubic pedicel: cranioventrally projected (0);

ventrally or caudoventrally projected (1).

195 Pubic pedicel of ilium very compressed lat-

erally and hook-like: absent (0), present (1).

196 Pubic shaft laterally compressed throughout

its length: absent (0); present (1).

197 Pubic apron: one-third or more the length of

the pubis (0); shorter (1); absent (absence of

symphysis) (2). (ORDERED)

198 Pubic foot: present (0); absent (1). This refers

to the distinct long, caudodorsal tapered

expansion of the distal pubis, as opposed to

the gradual expansion of the distal pubes

present in taxa such as Confuciusornis.

Pelvic limb

199 Femur with distinct fossa for the capital lig-

ament: absent (0); present (1).

200 Femoral neck: present (0); absent (1).

201 Femoral anterior trochanter: separated from

the greater trochanter (0); fused to it, forming

a trochanteric crest with a laterally curved

edge (1); fused to it, forming a trochanteric

crest with a flattened edge (2).

202 Femoral trochanteric crest: projects proxi-

mally beyond femoral head (0); equal in prox-

imal projection (1); does not project beyond

femoral head (2).

203 Femoral posterior trochanter: present, devel-

oped as a slightly projected tubercle or flange

(0); hypertrophied, “shelf-like” conformation

(1) (in combination with development of the

trochanteric shelf; see Hutchinson, 2001);

absent (2).

204 Femur with prominent patellar groove:

absent (0); present as a continuous extension

onto the distal shaft (1); present and separated

from the shaft by a slight ridge, giving it a

pocketed appearance (2).

205 Femur: ectocondylar tubercle and lateral con-

dyle separated by deep notch (0); ectocondylar

tubercle and lateral condyle contiguous but

without developing a tibiofibular crest (1);

tibiofibular crest present, defining laterally
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a fibular trochlea (2). Proximal to the lateral

condyle in theropod dinosaurs there is a cau-

dal projection known as the ectocondylar

tubercle (Welles, 1984). It is hypothesized

that this tubercle is homologous to the pre-

cursor to the tibiofibular crest, formed

through the connection of the ectocondylar

tubercle and the lateral condyle (Chiappe,

1996). (ORDERED)

206 Caudal projection of the lateral border of the

distal end of the femur, proximal and contig-

uous to the ectocondylar tubercle/tibiofibu-

lar crest: absent (0); present (1).

207 Femoral popliteal fossa distally bounded by a

complete transverse ridge: absent (0); pres-

ent (1).

208 Fossa for the femoral origin of m. tibialis

cranialis: absent (0); present (1).

209 Tibia, calcaneum, and astragalus: unfused or

poorly co-ossified (sutures still visible) (0);

complete fusion of tibia, calcaneum, and

astragalus (1).

210 Round proximal articular surface of tibiotar-

sus: absent (0); present (1).

211 Tibiotarsus, proximal articular surface: flat

(0); angled so that the medial margin is ele-

vated with respect to the lateral margin (1).

212 Tibiotarsus, cnemial crests: absent (0); pres-

ent, one (1); present, two (2).

213 Tibia, caudal extensionof articular surface for

distal tarsals/tarsometatarsus: absent, artic-

ular restricted to distalmost edge of caudal

surface (0); well-developed caudal extension,

sulcus cartilaginis tibialis of Aves (Baumel &

Witmer, 1993), distinct surface extending up

the caudal surface of the tibiotarsus (1); with

well-developed, caudally projecting medial

and lateral crests (2). (ORDERED)

214 Extensor canal on tibiotarsus: absent (0); pres-

ent as an emarginate groove (1); groove

bridged by an ossified supratendinal bridge

(2). (ORDERED)

215 Tibia/tarsal-formed condyles: medial con-

dyle projecting farther cranially than lateral

condyle (0); equal in cranial projection (1).

216 Tibia/tarsal-formed condyles, mediolateral

widths: medial condyle wider (0); approxi-

mately equal (1); lateral condyle wider (2).

(ORDERED)

217 Tibia/tarsal-formed condyles: gradual sloping

of condyles towards mid-line of tibiotarsus

(0); no tapering of either condyle (1).

218 Proximal end of the fibula: prominently exca-

vated by a medial fossa (0); nearly flat (1).

219 Fibula, tubercle for m. iliofibularis: cranio-

laterally directed (0); laterally directed (1);

caudolaterally or caudally directed (2).

(ORDERED)

220 Fibula, distal end reaching the proximal tar-

sals: present (0); absent (1).

221 Distal tarsals in adults: free (0); completely

fused to the metatarsals (1). Any specimen

that is inferred to be a juvenile should be

scored as a “?” in order to account for the

possibility of ontogenetic change.

222 Metatarsals II–IV, intermetatarsal fusion:

absent or minimal co-ossification (0); partial

fusion, sutural contacts easily discernible (1);

completely or nearly completely fused,

sutural contacts absent or poorly demarcated

(2). (ORDERED)

223 Proximal end of metatarsus: plane of artic-

ular surface perpendicular to longitudinal

axis of metatarsus (0); strongly inclined dor-

sally (1).

224 Metatarsal V: present (0); absent (1).

225 Proximal end of metatarsal III: in the same

plane as metatarsals II and IV (0); plantarly

displaced with respect to metatarsals II and

IV (1).

226 Tarsometatarsal proximal vascular foramen/

foramina: absent (0); one betweenmetatarsals

III and IV (1); two (2).

227 Metatarsals, relative mediolateral width:

metatarsal IV approximately the same

width as metatarsals II and III (0); metatarsal

IV narrower than metatarsals II and III (1);

metatarsal IV greater in width than either

metatarsal II or III (2).

228 Well-developed tarsometatarsal intercotylar

eminence: absent (0); present, low, and

rounded (1); present, high, and peaked (2).

229 Tarsometatarsus, projected surface and/or

grooves on proximocaudal surface (associated
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with the passage of tendons of the pes flexors

in Aves; hypotarsus): absent (0); developed as

caudal projection with flat caudal surface (1);

projection, with distinct crests and grooves

(2); at least one groove enclosed by bone cau-

dally (3). (ORDERED)

230 Plantar surface of tarsometatarsus excavated:

absent (0); present (1).

231 Tarsometatarsal distal vascular foramen

completely enclosed by metatarsals III and

IV: absent (0); present (1).

232 Metatarsal I: straight (0); J-shaped, the artic-

ulation of the hallux is located on the same

plane as the attachment surface of the meta-

tarsal I (1); J-shaped; the articulation of the

hallux is perpendicular to the attachment

surface (2); the distal half of the metatarsal

I is laterally deflected so that the laterodistal

surface is concave (3).

233 Metatarsal II tubercle (associated with the

insertion of the tendon of the m. tibialis

cranialis in Aves): absent (0); present, on

approximately the center of the proximodor-

sal surface of metatarsal II (1); present, devel-

oped on lateral surface of metatarsal II, at

contact with metatarsal III or on lateral

edge of metatarsal III (2). (ORDERED)

234 Metatarsal II, distal plantar surface, fossa for

metatarsal I (fossa metatarsi I; Baumel &

Witmer, 1993): absent (0); shallow notch (1);

conspicuous ovoid fossa (2). (ORDERED)

235 Relative position of metatarsal trochleae:

trochlea III more distal than trochleae II

and IV (0); trochlea III at same level as trochlea

IV, bothmore distal than trochlea II (1); troch-

lea III at same level as trochleae II and IV (2);

distal extent of trochlea III intermediate to

trochlea IV and II where trochlea IV projects

furthest distally (3).

236 Metatarsal II, distal extent of metatarsal II

relative to metatarsal IV: approximately

equal in distal extent (0); metatarsal II shorter

than metatarsal IV but reaching distally far-

ther than base of metatarsal IV trochlea (1);

metatarsal II shorter than metatarsal IV,

reaching distally only as far as base of meta-

tarsal IV trochlea (2).

237 Distal tarsometatarsus, trochlea in distal

view: aligned in a single plane (0); metatar-

sal II slightly displaced plantarly with

respect to III and IV (1); metatarsal II

strongly displaced plantarly in respect to

III and IV, such that there is little or no

overlap in medial view (2).

238 Trochlea of metatarsal II broader than the

trochlea of metatarsal III: absent (0); pres-

ent (1).

239 Metatarsal III, trochlea in plantar view, prox-

imal extent of lateral and medial edges of

trochlea: trochlear edges approximately

equal in proximal extent (0); medial edge

extends farther (1).

240 Distal end of metatarsal II strongly curved

medially: absent (0); present (1).

241 Digit IV phalanges in distal view, medial

trochlear rim enlarged with respect to lateral

trochlear rim: absent (0); present (1); greatly

enlargedwith the lateral trochlea reduced to a

rounded peg (2).

242 Completely reversed hallux (arch of

ungual phalanx of digit I opposing the

arch of the unguals of digits II–IV): absent

(0); present (1).

243 Size of claw of hallux relative to other

pedal claws: shorter, weaker, and smaller

(0); similar in size (1); longer, more robust,

and larger (2).

Integument

244 Alula: absent (0); present (1).

245 Fan-shaped feathered tail composed of

more than two elongate retrices: absent (0);

present (1).

Pre-modern Birds: Avian Divergences in the Mesozoic 81



82 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

APPENDIX 3B

Characters

1 2 3 4 5 6 7 8

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 0 0 0
Jeholornis prima [01] ? 2 3 1 1 1 ?
Rahonavis ostromi ? ? ? ? ? ? ? ?
Shenzhouraptor sinensis ? ? ? ? ? ? ? ?
Jixiangornis orientalis ? ? ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae ? ? ? 3 ? ? 1 ?
Sapeornis chaoyangensis 1 0 1 0 0 1 0 [01]
Didactylornis jii ? ? ? 0 ? ? ? ?
Confuciusornis sanctus 1 0 2 3 1 1 1 1
Changchengornis hengdaoziensis 1 ? 2 3 1 1 1 1
Eoconfuciusornis zhengi [12] ? 2 3 1 ? 1 [01]
“Dalianornis mengi” [01] 0 1 0 1 1 0 2
Cathyaornis yandica [12] 0 [12] 0 ? ? 0 [012]
Concornis lacustris ? ? ? ? ? ? ? ?
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi ? ? ? ? ? ? ? ?
eocathay walkeri from single slab ? ? ? 0 ? ? ? ?
Eoenantiornis buhleri 0/1 0 1 0 ? ? 0 ?
Gobipteryx minuta 1 0 [12] 3 1 0 1 3
Iberomesornis romerali ? ? ? ? ? ? ? ?
Longipteryx chaoyangensis ? 1 2 2 1 1 1 ?
Longirostravis hani [01] 0 2 2 ? ? 1 ?
Neuquenornis volans ? ? ? ? ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi 0 0 [01] 0 1 1 0 1
Protopteryx fengningensis [01] ? [12] [02] 1 ? ? ?
Rapaxavis pani [01] 0 2 2 ? ? 1 [012]
Shanweiniao cooperorum [01] ? [12] [23] ? ? 1 ?
Vescornis hebeiensis ? 0 ? ? ? ? ? [12]
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula 1 0 1 3 1 1 1 [12]
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? [01] ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi 1 0 [12] 0 1 ? 0 ?
Apsaravis ukhaana ? ? ? ? ? ? ? ?
Hongshanornis longicresta ? 0 2 0 ? 1 0 ?
Yanornis martini 1 0 [12] 1 1 1 0 ?
Patagopteryx deferrariisi ? ? ? ? ? ? ? ?
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 1 1 2 1 ? ? ? ?
Gansus yumenensis ? ? ? ? ? ? ? ?
Ichthyornis dispar 2 1 [12] ? ? ? 0 ?
Hesperornis regalis 1 1 2 3 1 1 0 3
Parahesperornis 1 1 2 3 ? ? 0 ?
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus 1 ? ? 3 ? ? ? ?
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 2 1 2 3 0 1 1 3
Gallus 1 1 2 3 1 1 1 3



9 10 11 12 13 14 15 16 17 18 19 20

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 ? 0 0 1 0 0
? ? ? ? ? ? ? ? ? ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? 0 ? ? ? ? ? ? 0 0 1 0
? ? ? ? ? ? ? ? ? ? ? ?
? 0 ? ? ? ? ? 0 0 0 1 0
? 0 ? ? ? ? ? ? ? ? 1 ?
? 0 ? ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 2 1 ? 1 0 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? 0 ? ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? 1 ? ?
? 1 ? ? ? ? ? ? ? ? 1 ?
? ? ? ? ? ? ? ? 1 ? 1 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? 1 1 1 1
? 1 0 2 1 0 1 1 ? 1 1 1
? ? 0 ? 1 0 ? ? 1 ? 1 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? 1 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 1 1 1 1 1 1 1 1 1 1
1 1 1 2 1 1 1 1 1 1 1 1
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Characters

21 22 23 24 25 26 27 28

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 1 0 ? 0 0 ? 0 0
Jeholornis prima ? ? ? ? ? ? ? ?
Rahonavis ostromi ? ? ? ? ? ? ? ?
Shenzhouraptor sinensis ? ? ? ? ? ? ? ?
Jixiangornis orientalis ? ? ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae ? ? ? ? 0 ? ? ?
Sapeornis chaoyangensis ? 1 ? 0 ? ? ? ?
Didactylornis jii ? ? ? ? ? ? ? ?
Confuciusornis sanctus 1 1 0 0 0 0 1 2
Changchengornis hengdaoziensis ? ? ? ? ? 0 ? ?
Eoconfuciusornis zhengi ? ? ? ? ? ? ? ?
“Dalianornis mengi” ? ? ? 0 ? 1 ? ?
Cathyaornis yandica ? ? ? ? ? ? ? ?
Concornis lacustris ? ? ? ? ? ? ? ?
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi ? ? ? ? ? ? ? ?
eocathay walkeri from single slab ? ? ? 0 ? ? ? 0
Eoenantiornis buhleri ? ? ? 0 ? ? ? ?
Gobipteryx minuta ? ? ? ? 0 ? ? ?
Iberomesornis romerali ? ? ? ? ? ? ? ?
Longipteryx chaoyangensis ? ? ? ? ? ? ? ?
Longirostravis hani ? ? ? ? ? ? ? ?
Neuquenornis volans ? ? ? ? ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi ? ? ? 0 ? 1 ? ?
Protopteryx fengningensis ? ? ? ? ? ? ? ?
Rapaxavis pani ? ? ? ? ? ? ? ?
Shanweiniao cooperorum ? ? ? ? ? ? ? ?
Vescornis hebeiensis ? ? ? ? ? ? ? ?
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula ? ? ? ? ? ? ? ?
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi ? ? ? ? ? ? ? ?
Apsaravis ukhaana ? ? ? ? ? ? 1 [01]
Hongshanornis longicresta ? ? ? ? ? ? ? ?
Yanornis martini ? ? ? ? ? ? ? ?
Patagopteryx deferrariisi 1 1 0 0 0 1 1 1
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui ? ? ? 0 ? ? ? 1
Gansus yumenensis ? ? ? ? ? ? ? ?
Ichthyornis dispar 1 1 ? ? 1 1 1 1
Hesperornis regalis 1 1 1 0 0 0 1 1
Parahesperornis 1 ? ? ? 0 0 1 1
Enaliornis baretti ? ? ? ? ? ? 1 1
Baptornis advenus ? ? ? 0 0 ? 1 1
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 1 1 1 1 1 1 1 2
Gallus 1 1 1 1 1 1 1 2



29 30 31 32 33 34 35 36 37 38 39 40

0 0 0 0 0 0 0 0 0 ? ? 0
0 ? ? 0 ? 0 0 0 ? ? ? 0
? ? ? ? ? 0 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? 0 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 1 - ? ? ? ? ?
? ? ? ? ? 1 - 0 ? ? ? ?
? ? ? ? ? 1 ? 0 ? ? ? ?
0 ? ? ? 1 1 - 1 1 2 1 0
? ? ? ? ? 1 - 1 1 ? ? 0
? ? ? ? ? 1 - 0 1 ? ? 0
? ? ? ? ? 0 0 0 ? ? ? 0
? ? ? ? ? 0 0 0 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 0 0 0 ? ? ? ?
? ? ? ? ? 0 0 ? ? ? ? ?
0 ? 1 ? ? 1 - 0&1 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 0 0 0 ? ? ? ?
? ? ? ? ? 0 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 0 0 0 ? ? ? 0
? ? ? ? ? 0 0 ? ? ? ? ?
? ? ? ? ? 0 0 0 ? ? ? 0
? ? ? ? ? ? ? 0 ? ? ? ?
? ? ? ? ? 0 0 0 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 1 n 0 0 ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 0 0 0 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? 0 0 ? ? ? 1
? ? ? ? ? 1 - 1 ? ? ? ?
? ? ? ? ? ? 0 0 ? ? ? 1
? ? ? ? 1 0 0 0 ? ? ? 1
1 ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? 1 ? ? ? 0 ? 0 ? ? ? 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? 0 1 0 0 1 ? ? ? ?
1 ? 1 ? 1 0 1 0 0 ? ? 1
1 ? ? ? ? 0 1 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? ? ? ? ? ? ? 0 ? ? 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 1 2 1 1 1 - 1 0 2 1 0
1 1 2 1 1 1 - 1 0 2 0 0
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Characters

41 42 43 44 45 46 47 48

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 0 ? 1
Jeholornis prima 0 0 0 ? 0 0 ? 1
Rahonavis ostromi ? ? ? ? ? ? ? ?
Shenzhouraptor sinensis ? ? ? ? ? ? ? ?
Jixiangornis orientalis ? 0 ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? 0 1 ? ?
Zhongornis haoae ? ? ? ? ? ? ? -
Sapeornis chaoyangensis 0 0 ? ? 0 ? ? 1
Didactylornis jii 0 0 ? ? ? ? ? 0
Confuciusornis sanctus 1 0 ? 1 1 0 0 -
Changchengornis hengdaoziensis ? 0 ? ? 1 0 0 -
Eoconfuciusornis zhengi 0 0 ? ? 1 0 0 -
“Dalianornis mengi” 0 0 ? ? ? 1 ? 1
Cathyaornis yandica 0 0 ? ? ? ? ? 1
Concornis lacustris ? ? ? ? ? ? ? ?
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi ? ? ? ? ? ? ? ?
eocathay walkeri from single slab 0 0 ? ? ? ? ? 1
Eoenantiornis buhleri ? ? ? ? ? ? ? 1
Gobipteryx minuta 1 0 ? ? ? 1 0 -
Iberomesornis romerali ? ? ? ? ? ? ? ?
Longipteryx chaoyangensis 0 0 ? ? 0 1 ? 1
Longirostravis hani 0 0 ? ? 0 1 ? 1
Neuquenornis volans ? ? ? ? ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi ? 0 ? ? ? ? ? 1
Protopteryx fengningensis ? 0 0 ? ? ? ? 1
Rapaxavis pani ? 0 ? ? ? 1 ? 1
Shanweiniao cooperorum 0 0 ? ? 0 1 ? ?
Vescornis hebeiensis 0 0 [12] 0 0 1 ? 1
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula 0 ? 0 0 ? ? 1 n
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? 0 ? ? ? ? ? 1
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi 0 1 ? ? 0 1 ? ?
Apsaravis ukhaana 1 ? ? ? ? ? ? ?
Hongshanornis longicresta 0 1 ? ? 0 ? ? ?
Yanornis martini ? 0 0 ? 0 1 ? 1
Patagopteryx deferrariisi ? 0 ? ? 0 0 0 ?
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 1 0 ? ? ? ? ? 1
Gansus yumenensis ? ? ? ? ? ? ? ?
Ichthyornis dispar 0 0 2 1 0 1 1 1
Hesperornis regalis 0 0 0 1 0 1 0 1
Parahesperornis ? ? ? ? ? ? ? 1
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus ? 0 ? 1 0 1 0 1
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 0 0 0 1 0 1 1 -
Gallus 0 0 0 1 0 1 1 -



49 50 51 52 53 54 55 56 57 58 59 60

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 ? 1 0 0 0 0 0 ? ?
? ? 0 ? ? ? ? 0 0 ? ? 1
? 1 ? 0 ? ? ? ? 0 ? 1 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? 0 0 1 ? ?
? ? ? ? 1 0 0 [01] 0 1 ? ?
? ? ? ? ? ? ? ? ? 1 ? ?
1 0 1 ? 1 0 1 [01] 0 1 1 1
? ? [12] ? ? ? ? ? ? ? ? ?
? ? ? 0 ? 0 ? 0 0 ? ? ?
? ? ? 1 1 ? 0 ? 0 1 ? ?
? ? 1 ? ? 1 ? ? 0 ? ? ?
? ? ? ? ? ? ? ? 0 1 ? ?
? ? [01] ? ? 1 0 ? 0 ? 1 ?
? ? 0 0 1 1 1 2 0 0 ? ?
? ? ? ? ? ? ? ? 0 0 ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? 1 ? ? ? ? ? ?
? ? 0 ? ? 1 1 1 0 ? ? 1
? ? 1 0 1 1 ? ? ? ? ? ?
? ? 1 ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? 2 ? ? 1 ? ? 0 ? 1 ?
? ? ? ? ? ? ? 1 0 ? ? ?
? ? ? ? ? 1 ? ? 0 1 ? ?
? ? ? ? 1 ? ? ? ? ? ? ?
? ? 2 1 ? 1 ? ? 0 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? 0 ? ? ? ? ? 0 ? ? 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? 0 1 ? 0 ? ? ? ? ? ?
? ? 1 1 ? 1 1 ? 0 ? ? ?
? 0 2 1 ? 1 ? 2 0 1 ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? 0 ? ? ? ? ? 0 1 ? ?
1 1 2 1 1 0 1 1 0 0 1 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? 1 ? 1 ? ? 2 0 1 1 ?
? 1 2 1 ? 1 ? 2 0 1 1 1
1 1 [01] 1 1 0 1 2 0 1 1 1
? 0 2 1 0 0 1 2 1 1 1 1
? 0 2 1 0 0 1 2 1 1 1 1
? ? 2 1 ? 0 ? ? 1 ? ? ?
? 0 2 1 0 0 1 ? 1 1 1 1
? 0 2 1 ? 0 1 ? 1 ? ? 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? 2 ? ? ? ? ? ? ? ? ?
1 0 2 1 1 0 1 2 1 1 1 1
1 0 2 1 1 0 1 2 1 1 1 1

Pre-modern Birds: Avian Divergences in the Mesozoic 87



88 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

Characters

61 62 63 64 65 66 67 68

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 ? 0 0
Jeholornis prima 0 0 0 0 ? ? ? ?
Rahonavis ostromi 2 0 ? 0 ? 0 ? ?
Shenzhouraptor sinensis [01] ? ? ? ? ? ? ?
Jixiangornis orientalis ? ? ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae 0 ? ? [01] ? ? ? ?
Sapeornis chaoyangensis 1 0 0 1 0 ? 0 0
Didactylornis jii 0 ? ? ? ? ? ? ?
Confuciusornis sanctus 2 0 0 1 0 0 0 0
Changchengornis hengdaoziensis 2 ? ? 1 ? ? ? 0
Eoconfuciusornis zhengi 0 ? ? 1 ? ? ? 0
“Dalianornis mengi” 1 1 ? ? ? ? ? ?
Cathyaornis yandica 1 1 ? 2 ? ? ? ?
Concornis lacustris 1 1 ? ? ? ? ? ?
Elsornis keni 1 0 ? ? ? ? ? ?
Eoalulavis hoyasi 2 ? 0 ? ? ? ? ?
eocathay walkeri from single slab ? ? ? ? ? ? ? ?
Eoenantiornis buhleri ? ? ? [012] ? ? ? ?
Gobipteryx minuta ? ? ? [012] 1 0 ? ?
Iberomesornis romerali 0 0 0 0 0 1 ? 0
Longipteryx chaoyangensis ? ? ? 2 ? ? ? ?
Longirostravis hani ? ? 0 1 ? ? ? ?
Neuquenornis volans 1 1 ? ? ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi 1 0 ? 1 ? ? ? ?
Protopteryx fengningensis ? ? 0 1 ? ? ? ?
Rapaxavis pani 1 1 ? 1 ? ? ? 0
Shanweiniao cooperorum ? ? ? ? ? ? ? ?
Vescornis hebeiensis 1 ? ? 2 ? ? ? ?
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula ? ? ? 2 0 0 0 ?
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis 2 ? ? ? ? ? ? ?
Ambiortus dementjevi 2 0 ? ? ? ? ? ?
Longicrusavis houi 2 0 ? ? ? ? ? ?
Apsaravis ukhaana 0 0 ? 4 ? ? 0 ?
Hongshanornis longicresta 1 ? ? ? ? ? ? ?
Yanornis martini 2 0 0 3 ? ? 0 ?
Patagopteryx deferrariisi 0 0 0 3 1 1 0 1
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 1 0 0 3 ? ? 0 ?
Gansus yumenensis 1 0 0 4 0 0 1 0
Ichthyornis dispar 2 0 ? [34] ? 0 1 0
Hesperornis regalis 2 0 0 4 0 1 0 ?
Parahesperornis 2 0 0 ? ? ? ? ?
Enaliornis baretti 2 ? ? ? ? ? ? ?
Baptornis advenus 2 0 0 4 0 1 0 ?
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? ? [56] ? ? ? ?
Anas 0 0 0 6 0 1 2 0
Gallus 0 0 1 6 0 1 2 0



69 70 71 72 73 74 75 76 77 78 79 80

0 0 0 0 0 1 - - - - 1 -
0 2 0 0 0 1 - - - - 0 -
0 1 0 0 0 0 - - - - ? ?
0 [0123] 0 1 0 0 - - - - ? ?
0 [12] ? ? ? 0 n n n n ? ?
0 1 ? ? ? ? n n n n 1 -
[01] [123] ? [01] ? ? n n n n ? ?
1 3 0 ? 1 ? - - - - ? ?
2 4 0 0 0 0 0 0 ? 0 0 -
2 4 ? ? 1 ? ? ? ? ? ? ?
2 4 0 0 0 ? 0 0 0 0 1 -
2 4 ? ? 0 ? 0 0 0 0 ? ?
2 4 1 ? ? ? 0 ? ? 0 ? ?
? ? ? ? 0 ? ? ? ? ? ? ?
2 4 0 ? 0 ? 0 1 1 1 ? ?
? ? 0 ? 0 1 ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? 0 -
? ? ? ? ? ? ? ? ? ? ? ?
2 4 0 2 0 ? ? ? ? ? 1 ?
[12] 4 0 1 ? ? ? ? ? ? ? ?
[12] 4 0 1 0 1 0 ? ? ? 0 -
2 4 ? ? 0 ? 0 1 ? 1 1 ?
2 4 ? ? 0 ? 0 1 ? 1 0 -
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
2 4 0 ? 0 [12] ? ? ? ? ? ?
1 4 ? ? ? ? 0 ? ? 1 ? ?
2 4 ? ? 0 ? 0 ? ? 1 0 -
2 4 ? ? ? ? ? ? ? 1 ? ?
2 ? ? ? ? ? ? ? 0 0 ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? [34] 0 1 1 1 ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
2 4 ? 1 0 ? ? ? ? ? ? ?
2 4 ? ? ? ? ? ? ? 0 1 -
? ? ? ? ? ? ? ? ? ? ? ?
? ? 1 2 0 ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
2 4 ? ? ? ? 1 0 0 0 [12] 0
2 4 ? 2 0 2 1 0 0 0 0 -
2 4 0 1 0 2 1 0 0 0 ? ?
1 3 0 2 0 2 1 0 0 0 1 0
1 ? ? ? ? ? 1 0 0 0 1 ?
? ? ? ? ? ? ? ? ? ? ? ?
1 3 0 2 0 ? 1 0 0 0 1 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
2 4 0 2 0 2 1 0 0 0 2 0
2 4 0 2 0 2 1 0 0 0 2 0
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Characters

81 82 83 84 85 86 87 88

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 0 0 0
Jeholornis prima 0 1 1 0 1 ? 0 0
Rahonavis ostromi ? ? 1 ? ? ? ? ?
Shenzhouraptor sinensis 0 1 1 ? ? ? ? ?
Jixiangornis orientalis 0 1 1 ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae 0 1 ? ? ? ? 0 0
Sapeornis chaoyangensis 0 0 0 0 1 1 0 0
Didactylornis jii 0 1 1 ? ? ? ? ?
Confuciusornis sanctus 0 1 0 0 ? 0 - 0
Changchengornis hengdaoziensis 0 1 0 0 ? 0 - 0
Eoconfuciusornis zhengi 0 0 0 0 ? ? - 0
“Dalianornis mengi” 0 1 1 1 1 ? 0 ?
Cathyaornis yandica ? 1 1 1 1 ? 0 ?
Concornis lacustris ? 1 1 1 1 1 0 ?
Elsornis keni ? 1 1 1 1 1 0 0
Eoalulavis hoyasi ? 1 1 1 1 1 0 1
eocathay walkeri from single slab ? 1 1 ? ? ? ? ?
Eoenantiornis buhleri 0 1 1 1 1 1 0 1
Gobipteryx minuta ? 1 1 1 1 ? 0 1
Iberomesornis romerali ? 1 1 ? ? ? 0 ?
Longipteryx chaoyangensis 0 1 1 1 1 1 0 1
Longirostravis hani 0 1 1 1 ? ? ? ?
Neuquenornis volans ? 1 1 1 ? ? ? ?
Otogornis genghisi ? 1 1 1 1 1 ? ?
Pengornis houi 0 1 1 1 1 ? ? ?
Protopteryx fengningensis ? 1 1 1 1 ? 0 ?
Rapaxavis pani 0 1 1 ? ? ? 0 ?
Shanweiniao cooperorum 0 1 1 1 1 ? ? ?
Vescornis hebeiensis 0 1 1 1 ? ? 0 ?
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula 0 1 1 1 1 ? 0 0
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? 1 1 ? ? ? ? ?
Ambiortus dementjevi ? 1 ? 1 1 1 0 0
Longicrusavis houi ? 1 1 1 1 1 0 0
Apsaravis ukhaana ? 1 1 1 1 1 0 0
Hongshanornis longicresta 0 1 1 1 1 1 0 0
Yanornis martini 0 1 1 1 1 1 1 0
Patagopteryx deferrariisi ? 1 1 1 1 1 0 0
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 0 1 1 1 1 1 0 0
Gansus yumenensis 1 1 1 1 1 1 0 0
Ichthyornis dispar ? 1 1 1 1 1 1 0
Hesperornis regalis ? 0 1 0 1 ? 0 0
Parahesperornis ? 0 1 0 1 ? 0 ?
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus ? 0 1 0 1 ? 0 0
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? 1 1 1 1 ? 0 0
Anas 1 1 1 1 1 1 1 0
Gallus 1 1 1 1 1 1 1 0



89 90 91 92 93 94 95 96 97 98 99 100

0 0 0 0 0 - 0 0 0 0 0 0
0 0 0 0 0 - 0 0 0 0 ? 0
0 0 0 1 ? - 1 1 0 ? ? ?
? ? ? ? ? ? ? 0 ? 0 0 0
? 0 ? ? ? ? ? 1 0 ? 0 ?
0 0 ? ? ? ? 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 ? ? - 0 0 0 ? ? ?
0 0 0 0 ? - 0 0 0 0 0 0
? 0 ? ? ? ? ? 0 0 ? ? ?
0 0 0 ? ? - 0 0 0 0 0 0
0 0 ? ? ? - 0 0 0 0 0 0
0 0 0 0 0 - 0 0 0 0 ? 0
0 1 ? [12] ? ? 0 0 0 ? 0 ?
? ? 0 ? ? ? 0 0 0 1 0 0
0 1 ? 1 1 ? 0 0 ? 1 ? ?
0 1 1 2 1 ? 0 0 0 1 0 0
0 1 1 1 1 0 0 0 0 0 0 0
0 1 ? ? ? ? 0 0 0 0 0 0
0 1 ? 1 1 0 0 0 ? ? 0 0
0 ? 1 ? ? ? 0 ? ? 0 0 0
0 0 ? 2 ? ? 0 ? ? ? ? ?
0 0 ? ? ? ? 0 0 0 ? 0 0
0 0 ? 2 ? ? 0 0 0 ? 0 0
0 1 1 1 1 1 0 0 0 ? ? ?
? ? ? ? ? ? ? 0 ? ? 0 0
0 0 ? ? ? ? ? 0 ? 0 0 1
1 1 ? [12] ? ? 2 0 0 ? 0 0
0 0 ? [12] ? ? 0 ? ? ? 0 ?
0 0 0 [12] ? - 0 0 0 ? 0 0
0 1 ? [12] ? ? 0 0 0 ? 0 0
? ? ? ? ? ? ? ? ? ? ? ?
? 0 ? 2 0 n [01] 1 0 0 0 0
? ? ? ? ? ? ? ? ? ? ? ?
1 0 1 ? ? ? 2 ? ? ? ? ?
1 ? ? ? 1 ? [01] 1 ? ? 0 1
? 0 ? ? ? ? [12] 1 1 0 0 ?
0 0 1 1 1 1 1 1 1 0 0 1
1 0 ? ? ? ? [01] 1 1 ? ? 0
1 0 0 ? 0 - 2 1 0 0 0 0
0 0 0 ? 0 - 1 1 1 0 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 0 1 0 - 2 1 0 0 0 0
1 0 0 2 0 - 3 1 0 0 ? ?
1 0 0 1 0 - 2 1 1 0 1 0
? 0 0 1 0 - 0 1 0 ? ? ?
? 0 0 1 0 - 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 0 1 0 - 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? 0 0 1 ? ? [01] 1 0 ? 0 0
1 0 0 2 0 - 2 1 0 0 0 0
1 0 0 2 0 - 2 1 1 0 0 0
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Characters

101 102 103 104 105 106 107 108

Dromaeosauridae 0 0 0 0 0 0 0 2
Archaeopteryx (all ten) ? 0 0 0 0 0 0 0
Jeholornis prima ? ? 1 ? ? 0 0 [12]
Rahonavis ostromi 0 0 0 ? ? ? ? ?
Shenzhouraptor sinensis ? ? 1 0 1 ? [01] ?
Jixiangornis orientalis ? ? ? 0 0 ? [01] [12]
Dalianraptor cuhe ? ? ? 0 ? (�70�) ? [01] ?
Zhongornis haoae ? 0 0 ? 0 ? [01] ?
Sapeornis chaoyangensis ? ? 1 0 0 0 2 ?
Didactylornis jii ? ? ? 0 0 0 ? ?
Confuciusornis sanctus 0 0 0 0 0 0 0 2
Changchengornis hengdaoziensis ? 0 ? 0 0 0 0 2
Eoconfuciusornis zhengi ? 0 0 0 0 ? 0 2
“Dalianornis mengi” ? ? 0 1 1 ? [23] 2
Cathyaornis yandica ? 0 1 1 1 ? 3 2
Concornis lacustris ? ? ? 1 1 1 2 2
Elsornis keni 0 1 0 1 1 1 [23] 2
Eoalulavis hoyasi 0 ? 1 1 1 ? 3 1
eocathay walkeri from single slab ? ? 0 ? ? ? ? 2
Eoenantiornis buhleri ? ? ? 1 1 1 2 2
Gobipteryx minuta 0 ? ? 1 1 1 [23] ?
Iberomesornis romerali ? ? ? 1 1 ? [23] [12]
Longipteryx chaoyangensis 0 ? 1 1 1 1 3 2
Longirostravis hani ? ? 0 1 1 1 [123] 2
Neuquenornis volans ? 1 ? 1 1 1 1 2
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi ? ? ? 1 1 ? 2 ?
Protopteryx fengningensis ? ? 0 1 1 1 3 2
Rapaxavis pani ? ? ? 1 1 ? 3 2
Shanweiniao cooperorum ? ? 0 1 1 ? 2 2
Vescornis hebeiensis ? ? 0 1 1 ? 3 2
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula ? 0 ? 2 1 0 0 2
Liaoningornis longidigitrus ? ? ? ? ? ? ? [12]
Songlingornis linghensis ? ? ? 2 1 ? 0 2
Ambiortus dementjevi ? ? ? 2 1 0 ? ?
Longicrusavis houi ? 0 1 2 1 0 ? 2
Apsaravis ukhaana 0 0 1 ? ? ? ? [12]
Hongshanornis longicresta ? 0 1 2 1 ? 1 2
Yanornis martini ? ? 1 2 1 ? 0 2
Patagopteryx deferrariisi 0 ? ? ? ? ? ? 2
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 0 0 1 2 1 0 ? 2
Gansus yumenensis 0 0 1 2 1 0 0 2
Ichthyornis dispar 0 0 1 2 ? 0 0 2
Hesperornis regalis 0 0 0 2 0 0 ? 2
Parahesperornis ? ? ? ? ? ? ? 2
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus 0 ? ? ? ? ? ? 2
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 0 0 1 2 1 0 0 2
Gallus 0 0 1 2 1 0 1 2



109 110 111 112 113 114 115 116 117 118 119 120

0 - [01] - - 0 0 0 0 0 0 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
[012] ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
[12] 1 1 1 - 0 1 1 2 1 0 0
1 - 1 ? ? 0 1 ? ? 1 0 ?
[12] ? ? ? ? ? ? ? ? ? ? ?
[123] ? [12] [12] 1 ? 1 ? ? 2 0 ?
2 1 2 2 1 1 1 ? ? 2 0 ?
2 1 2 2 1 1 1 0 n 2 0 ?
2 0 1 0 ? 1 1 ? ? [12] 0 ?
2 ? 0 n - 0 1 0 - 3 0 ?
2 1 2 [12] 1 1 1 ? ? 2 0 ?
[123] ? 1 n n 1 1 0 n 2 0 0
? ? ? ? ? ? ? ? ? ? ? ?
[123] ? ? ? ? ? ? ? ? ? ? ?
[23] ? 2 1 1 0 1 ? ? 2 0 ?
[123] ? 2 2 1 1 1 0 - 2 0 ?
3 0 [12] ? 1 ? 1 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
2 1 1 1 0 ? 1 ? ? 1 0 ?
2 1 2 2 1 1 1 ? ? 2 0 ?
[123] ? 2 1 1 ? [01] ? ? 2 0 ?
2 1 [12] ? ? 1 1 ? ? 2 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
[23] 1 [12] ? ? 1 ? ? ? ? ? ?
2 ? 0 n n 1 [12] ? ? 3 0 ?
3 0 1 2 1 1 1 ? ? 4 1 ?
? ? ? ? ? ? ? ? ? ? ? ?
3 ? 1 2 0 1 1 0 - 1 0 ?
3 0 ? ? ? 1 1 ? ? ? ? ?
? ? 2 2 0 1 ? ? ? 1 0 ?
3 0 1 2 1 1 [12] ? ? 4 1 ?
[12] ? ? ? ? 1 0 ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
3 0 1 1 1 1 ? 0 ? 4 1 ?
3 0 2 1 0 1 0 0 ? 1 0 ?
3 0 0 ? ? 1 ? 1 2 ? 0 1
1 ? 0 - - 0 1 1 1 ? 0 0
? ? ? ? ? ? ? 1 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
[12] ? ? ? ? 0 1 1 1 ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
3 1 1 1 0 0 1 1 3 3 0 1
3 1 1 0 1 0 1 1 2 2 0 1
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Taxa\characters 121 122 123 124 125 126 127 128

Dromaeosauridae 0 0 0 0 0 0 0 1
Archaeopteryx (all ten) 0 0 0 ? 0 0 0 1
Jeholornis prima ? 0 0 0 0 0 0 0
Rahonavis ostromi ? ? ? ? ? ? ? ?
Shenzhouraptor sinensis 0 ? ? ? ? ? ? 0
Jixiangornis orientalis ? 0 0 ? ? ? ? 0
Dalianraptor cuhe ? ? 0 ? ? ? ? 0
Zhongornis haoae ? ? 0 0 0 0 ? 0
Sapeornis chaoyangensis ? 0 0 ? ? 0 0 0
Didactylornis jii ? ? ? ? 0 0 ? ?
Confuciusornis sanctus 0 0 0 0 1 0 0 0
Changchengornis hengdaoziensis 0 ? 0 ? ? ? ? 0
Eoconfuciusornis zhengi 0 ? 0 0 0 0 0 ?
“Dalianornis mengi” ? 0 1 1 0 1 ? 0
Cathyaornis yandica 0 0 1 1 ? 1 1 0
Concornis lacustris 0 0 1 1 1 ? ? 0
Elsornis keni 0 0 1 1 0 0 0 0
Eoalulavis hoyasi 0 0 1 1 1 1 0 0
eocathay walkeri from single slab ? 0 1 ? ? 1 ? 0
Eoenantiornis buhleri 0 ? 1 ? ? 1 ? 0
Gobipteryx minuta 0 ? ? ? ? ? ? 0
Iberomesornis romerali ? ? ? ? 0 ? ? ?
Longipteryx chaoyangensis ? 0 1 1 0 ? ? 0
Longirostravis hani ? 0 1 ? ? 1 ? ?
Neuquenornis volans 0 ? ? ? ? 1 1 ?
Otogornis genghisi 0 ? 1 ? ? 1 0 0
Pengornis houi 0 0 1 ? 0 1 0 0
Protopteryx fengningensis ? ? 1 ? ? ? ? 0
Rapaxavis pani ? 0 1 0 0 ? ? 0
Shanweiniao cooperorum ? ? 1 ? ? ? ? ?
Vescornis hebeiensis 0 0 1 1 0 ? ? 0
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula ? ? 0 0 0 ? ? 0
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi 1 0 0 0 1 0 0 ?
Longicrusavis houi 1 1 0 ? 0 1 ? 1
Apsaravis ukhaana 1 1 0 0 1 0 0 0
Hongshanornis longicresta 1 1 0 ? ? ? ? ?
Yanornis martini 1 1 0 0 1 ? ? 0
Patagopteryx deferrariisi 1 0 0 1 ? ? ? 1
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui ? 1 0 ? ? 1 1 ?
Gansus yumenensis 1 1 0 0 1 ? ? 0
Ichthyornis dispar 1 1 0 0 1 1 0 0
Hesperornis regalis ? ? ? ? 0 ? 0 ?
Parahesperornis ? ? ? ? ? ? ? ?
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus ? ? ? ? 0 0 0 ?
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai 1 ? 0 ? ? ? ? ?
Anas 1 1 0 0 1 1 1 1
Gallus 1 1 0 0 1 1 1 1



129 130 131 132 133 134 135 136 137 138 139 140

0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 ? 0 [01] 0 0 ? ? 0 1
? ? ? ? ? ? ? ? ? ? ? ?
0 0 ? ? ? ? ? ? ? ? ? ?
0 0 ? ? ? ? ? ? ? ? 0 ?
? 0 ? ? ? ? ? ? ? ? ? ?
1 0 0 ? ? ? ? 0 0 0 0 ?
1 1 0 0 0 0 0 ? ? ? 0 1
1 1 ? ? ? ? ? ? ? ? 0 1
2 1 0 ? 0 0 0 0 0 1 0 1
2 ? ? ? ? ? ? ? ? ? ? ?
1 0 0 ? 0 ? ? ? 0 0 0 ?
0 0 ? ? ? ? ? ? ? ? ? 1
1 0 2 1 1 [01] 0 1 0 1 1 1
[01] 0 2 1 1 ? ? ? ? ? ? 1
0 0 0 [12] 0 [12] 0 0 0 0 1 1
1 0 2 1 1 0 0 1 0 0 1 1
0 0 ? ? ? [01] ? ? ? ? 1 1
0 0 ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? 0 ? ? ? ? ?
? ? ? ? 1 ? 0 ? ? ? 1 1
0 0 2 ? ? [01] ? 0 ? 0 1 1
0 0 ? ? ? [01] ? ? ? ? ? ?
? ? ? ? 1 ? 0 1 ? 0 1 ?
1 0 ? ? ? [01] ? 0 0 0 1 1
1 0 1 ? ? [01] ? 1 0 0 ? 1
1 0 ? ? ? ? ? ? ? ? ? ?
0 0 0 ? ? [01] 0 ? ? ? 1 1
0 0 ? ? ? ? ? ? ? ? 1 1
1 0 1 ? 1 [01] 0 ? ? ? 1 1
? ? ? ? ? ? ? ? ? ? ? ?
1 0 ? ? ? ? 0 ? ? ? 0 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 - - ? ? ? ? ? ? ? ?
1 0 1 2 0 2 1 1 0 0 0 1
1 0 1 1 1 0 0 0 0 1 1 1
1 0 ? ? ? 2 ? ? ? ? 0 ?
1 0 1 1 0 [01] ? ? ? ? 0 1
0 0 0 ? 0 ? 0 0 0 0 0 1
? ? ? ? ? ? ? ? ? ? ? ?
? 0 ? 0 ? 0 ? 1 1 0 0 1
1 0 1 3 0 ? 1 ? ? ? 0 1
1 0 1 2 0 2 1 0 ? 1 0 1
? 0 ? ? 1 0 0 0 ? ? 0 -
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? 1 0 0 0 ? ? 0 -
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? 1 2 1 1 1 1 0 1
? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 3 0 1 1 1 1 1 0 1
0 0 0 3 0 1 1 1 1 1 1 1
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Taxa\characters 141 142 143 144 145 146 147 148

Dromaeosauridae 0 0 1 0 0 0 0 0
Archaeopteryx (all ten) ? ? ? 0 0 0 0 0
Jeholornis prima 0 1 1 1 1 0 ? 0
Rahonavis ostromi ? ? ? ? 1 0 ? 0
Shenzhouraptor sinensis ? ? ? 1 0 ? ? ?
Jixiangornis orientalis ? ? ? 1 0 ? ? ?
Dalianraptor cuhe ? ? ? 0 1 ? ? ?
Zhongornis haoae ? ? ? 0 0 ? ? ?
Sapeornis chaoyangensis 0 0 1 1 1 ? ? ?
Didactylornis jii ? ? ? 1 ? ? ? ?
Confuciusornis sanctus 0 0 0 0 1 0 0 2
Changchengornis hengdaoziensis ? ? ? 0 1 ? ? ?
Eoconfuciusornis zhengi ? ? ? 0 1 ? ? ?
“Dalianornis mengi” ? ? ? 1 1 ? ? ?
Cathyaornis yandica 1 1 0 1 1 ? ? ?
Concornis lacustris ? ? ? ? 1 1 1 2
Elsornis keni 1 ? ? 0 1 0 0 [12]
Eoalulavis hoyasi 1 1 1 1 1 1 ? 2
eocathay walkeri from single slab ? ? ? 1 0 ? ? ?
Eoenantiornis buhleri ? ? ? 1 1 ? ? ?
Gobipteryx minuta ? ? ? 1 1 ? ? ?
Iberomesornis romerali 1 ? ? 1 1 ? ? ?
Longipteryx chaoyangensis ? 1 ? 1 1 ? ? ?
Longirostravis hani ? ? ? 1 0 ? ? ?
Neuquenornis volans ? ? ? 1 1 ? 1 ?
Otogornis genghisi 1 1 ? 1 1 ? ? ?
Pengornis houi ? ? ? 1 1 ? ? ?
Protopteryx fengningensis ? ? ? 1 1 ? ? ?
Rapaxavis pani 1 1 ? 1 0 ? ? ?
Shanweiniao cooperorum ? ? ? 1 1 ? ? ?
Vescornis hebeiensis 1 1 1 1 1 ? ? ?
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula 1 0 ? 1 0 ? ? ?
Liaoningornis longidigitrus ? ? ? ? 1 ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi 0 0 0 1 1 0 0 ?
Apsaravis ukhaana 1 1 1 1 1 0 1 2
Hongshanornis longicresta ? ? ? 1 1 ? ? ?
Yanornis martini 0 0 0 1 1 ? 0 ?
Patagopteryx deferrariisi 0 0 ? 0 0 0 0 ?
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui ? 0 ? 1 0 0 0 2
Gansus yumenensis 0 0 1 1 1 0 0 1
Ichthyornis dispar 0 0 0 1 1 0 0 2
Hesperornis regalis - - - ? ? ? ? ?
Parahesperornis ? ? ? ? ? ? ? ?
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus - - - 0 1 0 0 0
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica 0 0 0 ? ? ? ? ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 0 0 0 0 1 0 0 1
Gallus 0 0 0 1 1 0 0 1



149 150 151 152 153 154 155 156 157 158 159 160

0 0 0 - - 0 0 0 ? 0 0 0
0 0 0 ? ? 0 0 1 0 0 0 0
0 0 0 0 1 2 1 1 0 0 1 0
0 0 0 ? ? ? ? ? ? ? ? ?
? ? ? ? ? 0 1 1 0 0 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? 0 0 0 0 ?
? 0 0 ? ? 2 1 1 0 0 0 0
? ? 0 ? ? [12] 1 ? ? ? ? ?
1 0 0 0 1 2 1 0 ? 0 0 0
? ? 0 ? ? ? ? 0 ? 0 0 0 or ?
? ? 0 ? ? 0 1 ? ? 0 0 0 or ?
? ? ? ? ? 0 1 ? ? 0 0 1
? 1 1 0 ? 3 1 1 0 0 0 1
? ? ? ? ? ? ? ? ? ? ? ?
1 ? 1 ? ? 3 1 ? ? ? ? ?
1 ? 1 ? ? ? ? ? ? ? ? ?
? ? ? 0 n 3 1 ? ? 0 0 1
? ? 1 0 n 3 1 ? ? 0 0 0
1 1 1 ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? 0 0 - 0 1 1 0 0 0 0
? ? ? 0 - 3 1 ? ? 1 0 ?
? 1 1 ? ? 3 1 ? ? 1 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? 1 [02] [23] 1 1 1 ? ? ?
? ? ? ? ? ? 1 ? ? 0 0 0
1 ? ? 0 - ? 1 1 ? 0 0 ?
? 1 ? ? ? ? ? ? ? ? ? ?
? ? ? 1 [02] 0 1 1 0 1 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
? 1 0 1 ? 0 1 ? ? 0 0 2
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? 0 ? 3 ? ? ? ? [12] ?
? ? 0 ? ? 3 1 1 1 0 ? ?
1 1 0 1 ? 3 1 1 0 0 1 1
? ? ? ? ? 3 1 ? ? 0 0 ?
1 1 ? 0 ? 3 1 1 1 0 0 0
0 ? 0 ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? 0 ? ? 3 1 1 1 0 1 2 see r hand
1 1 ? 0 ? 3 1 2 ? 0 1 1
1 1 0 1 ? 3 1 2 1 0 1 2
? ? ? ? ? ? ? - ? ? ? ?
? ? ? ? ? ? ? - ? ? ? ?
? ? ? ? ? ? ? - ? ? ? ?
1 0 ? ? ? ? ? - ? ? ? ?
? ? ? ? ? ? ? - ? ? ? ?
1 1 1 ? ? 3 ? 2 1 ? [23] ?
? ? 1 ? ? ? ? ? ? ? ? ?
1 1 0 1 2 3 1 2 0 1 3 2
1 1 0 1 1 3 1 2 0 1 3 2
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98 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

Taxa\characters 161 162 163 164 165 166 167 168

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 1 0 0 0 0 0 0
Jeholornis prima 0 0 0 1 0 0 0 0
Rahonavis ostromi ? ? ? ? ? ? ? ?
Shenzhouraptor sinensis 0 0 [01] 0 0 0 0 0
Jixiangornis orientalis ? ? [01] 0 0 ? 0 1
Dalianraptor cuhe 1 ? ? 0 ? ? ? 0
Zhongornis haoae 0 1 0 0 - 0 0 0
Sapeornis chaoyangensis 1 0 0 0 - 0 0 0
Didactylornis jii ? 0 0 0 ? 1 0 0
Confuciusornis sanctus ? 1 0 0 - 0 0 0
Changchengornis hengdaoziensis 0 ? 0 ? ? 0 0 0
Eoconfuciusornis zhengi 0 1 ? 0 ? 0 0 0
“Dalianornis mengi” 0 1 0 0 1 0 1 1
Cathyaornis yandica 0 ? [01] 0 0 0 1 2
Concornis lacustris 0 ? ? 0 ? ? ? 2
Elsornis keni 0 ? [01] ? 0 1 ? ?
Eoalulavis hoyasi 0 ? ? 1 ? 0 1 1
eocathay walkeri from single slab 0 ? ? 0 0 0 1 2
Eoenantiornis buhleri 0 ? 0 0 0 0 1 1
Gobipteryx minuta 0 ? ? 0 ? 0 1 ?
Iberomesornis romerali ? ? ? ? ? ? ? ?
Longipteryx chaoyangensis 0 1 0 0 ? 0 1 1
Longirostravis hani 0 ? [01] 0 1 0 1 ?
Neuquenornis volans 0 ? [01] 0 0 0 1 ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi 0 ? 0 1 0 0 1 ?
Protopteryx fengningensis ? ? [01] 0 0 0 1 0
Rapaxavis pani 0 1 0 0 0 0 1 2
Shanweiniao cooperorum ? ? ? ? ? ? ? [01]
Vescornis hebeiensis 0 0 [01] 0 ? 0 1 2
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula ? ? 0 ? ? 0 ? 2
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi 0 0 0 1 0 1 0 0
Apsaravis ukhaana 1 0 1 1 0 ? ? ?
Hongshanornis longicresta 0 ? ? 0 0 ? 0 1
Yanornis martini 0 0 0 0 0 1 0 1
Patagopteryx deferrariisi 0 ? ? 1 ? 1 ? ?
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui 1 0 0 0 0 1 ? 1
Gansus yumenensis 1 0 0 0 1 ? 1 2
Ichthyornis dispar 1 0 1 0 0 1 0 ?
Hesperornis regalis ? ? ? ? ? ? ? ?
Parahesperornis ? ? ? ? ? ? ? ?
Enaliornis baretti ? ? ? ? ? ? ? ?
Baptornis advenus ? ? ? ? ? ? ? ?
Baptornis varneri ? ? ? ? ? ? ? ?
Limenavis patagonica ? ? 2 ? ? 1 0 ?
Vegaavis iaai ? ? ? ? ? ? ? ?
Anas 1 1 1 1 1 1 0 2
Gallus 1 0 2 1 0 1 1 2



169 170 171 172 173 174 175 176 177 178 179 180

0 0 0 0 0&1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 2 0 0 0
0 0 0 0 1 0 0 1 3 0 0 0
? ? ? ? ? ? ? ? ? 0 0 1
0 0 0 0 1 0 0 0 3 ? ? ?
0 0 0 0 [01] ? 0 0 3 ? ? ?
0 0 ? ? 1 ? 0 0 1 ? ? ?
0 0 0 0 1 0 0 0 1 ? 0 0
0 0 1 0 1 0 1 0 3 0 0 0
0 0 1 0 [01] ? 1 [01] 3 0 ? ?
0 0 0 0 2 1 0 0 2 0 0 0
0 0 0 0 2 1 0 0 2 ? ? ?
0 0 0 0 2 1 0 0 2 0 ? ?
0 0 1 0 1 0 1 1 3 0 0 0
0 0 1 0 1 0 1 2 2 0 0 0
0 0 1 0 [01] 0 1 2 2 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 1 ? ? ? ? 2 ? ? ? 0
0 0 1 0 0 0 1 1 ? ? ? ?
0 0 1 0 1 0 1 2 2 ? ? ?
0 0 ? ? ? ? ? ? 2 0 ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 1 0 0 0 1 1 3 0 0 0
0 0 1 1 - 0 1 2 2 ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 1 0 ? 0 ? [12] 3 ? ? ?
0 0 0 0 0 0 1 0 ? ? ? 0
0 0 1 1 - 0 1 2 3 0 0 0
0 ? 1 1 - ? ? 2 2 ? ? ?
0 0 1 0 [01] 0 1 2 2 0 ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 1 0 ? ? ? 2 3 0 0 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 1 0 ? ? ? ? ? ? ? ?
1 0 0 0 1 0 1 0 1 ? ? ?
1 ? ? ? ? ? ? ? ? 1 0 0
1 0 1 0 1 0 1 0 1 ? ? ?
1 0 1 0 1 0 1 2 3 1 0 1
0 ? 0 0 ? ? ? 2 0 ? 0 0
? ? ? ? ? ? ? ? ? ? ? ?
1 0 1 0 1 0 1 0 2 1 0 0
1 0 1 0 0 0 1 3 2 1 ? 0
1 1 1 1 n - ? ? 3 1 0 ?
? ? ? ? n ? ? ? ? 1 0 0
? ? ? ? n ? ? ? ? ? ? ?
? ? ? ? n ? ? ? ? 1 ? ?
? ? ? ? n ? ? ? 0 1 0 0
? ? ? ? n ? ? ? ? 1 0 ?
1 1 ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? 0 1 ?
1 0 1 1 n - 1 2 3 1 1 0
1 0 1 1 n - 1 2 1 1 1 0
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100 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

Taxa\characters 181 182 183 184 185 186 187 188

Dromaeosauridae [01] 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 1 ? 0
Jeholornis prima 0 0 0 0 0 1 1 ?
Rahonavis ostromi 0 0 0 0 - 1 1 0
Shenzhouraptor sinensis ? ? ? ? ? ? ? ?
Jixiangornis orientalis ? ? ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae ? ? ? ? ? ? ? ?
Sapeornis chaoyangensis 0 ? ? 0 ? 1 1 1
Didactylornis jii ? ? ? ? ? ? ? 0
Confuciusornis sanctus 0 0 0 0 0 ? 1 0
Changchengornis hengdaoziensis 0 ? ? ? ? ? ? ?
Eoconfuciusornis zhengi 0 ? ? 0 ? ? ? ?
“Dalianornis mengi” 0 ? ? ? ? ? ? 0
Cathyaornis yandica 0 0 0 ? ? 1 1 ?
Concornis lacustris ? ? ? ? ? ? ? 1
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi ? ? ? ? ? 1 ? ?
eocathay walkeri from single slab ? ? ? ? ? ? ? ?
Eoenantiornis buhleri 0 ? ? ? ? ? ? ?
Gobipteryx minuta ? ? ? ? ? ? ? ?
Iberomesornis romerali ? ? ? ? ? ? ? ?
Longipteryx chaoyangensis 0 ? ? ? ? 1 1 1
Longirostravis hani ? ? ? ? ? 1 ? ?
Neuquenornis volans ? ? ? ? ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi ? ? ? ? ? ? ? ?
Protopteryx fengningensis 0 ? ? ? ? 1 1 ?
Rapaxavis pani 0 ? 0 ? ? 1 1 1
Shanweiniao cooperorum ? ? ? ? ? ? 1 ?
Vescornis hebeiensis 0 ? ? ? ? ? ? ?
Vorona berivotrensis ? ? ? ? ? ? ? ?
Archaeorhynchus spathula 0 ? ? ? ? 1 0 1
Liaoningornis longidigitrus ? ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi ? ? ? ? 1 1 ? ?
Apsaravis ukhaana 0 1 1 per julia 1 1 1 ? 1
Hongshanornis longicresta ? ? ? ? ? ? ? 0
Yanornis martini 0 0 ? 1 1 ? 1 0
Patagopteryx deferrariisi 0 1 0 0 0 0 0 1
Hollanda luceria ? ? ? ? ? ? ? ?
Yixianornis grabaui ? 1 ? ? 0 0 ? 0
Gansus yumenensis 0 1 1 1 1 0 1 0
Ichthyornis dispar 0 1 0 1 1 ? ? 1
Hesperornis regalis 0 1 2 1 1 0 1 1
Parahesperornis ? ? ? ? ? ? ? ?
Enaliornis baretti ? ? ? ? 1 ? ? ?
Baptornis advenus 0 1 2 1 1 0 1 1
Baptornis varneri ? ? ? ? ? 0 ? ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai ? ? 1 ? ? ? ? ?
Anas 1 1 1 1 1 0 1 0
Gallus 1 1 2 1 1 0 1 1



189 190 191 192 193 194 195 196 197 198 199 200

0 0 0 0 0 1 0 0 0 0 [01] 0
0 0 1 ? 0 1 0 0 0 0 ? 1
1 0 1 ? 0 1 0 0 1 0 ? ?
0 0 1 1 0 1 0 0 0 0 0 1
? ? ? ? ? ? ? ? 1 ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? 1 ? ? ? ? ? ? ? ? ?
1 0 1 1 1 1 ? 0 1 0 0 1
? ? ? 0 ? ? ? 0 1 0 ? ?
1 0 1 1 1 1 0 0 1 0 1 0
? ? ? ? [12] ? ? ? 1 ? ? ?
? ? ? ? ? 1 0 0 1 0 ? ?
1 n 1 1 1 ? ? ? 1 0 ? ?
? ? ? ? ? 1 0 0 ? ? ? ?
1 ? 1 ? [12] ? ? 0 1 ? 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? [12] ? ? 0 [12] 0 ? ?
? ? ? ? ? 1 0 ? 1 1 ? ?
? ? ? ? 1 ? ? 0 ? ? ? ?
1 0 1 1 [12] 1 1 0 1 0 ? 0
1 0 ? 1 ? 1 1 ? ? ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? [01] 0 ? 0
? ? ? ? ? ? ? ? 1 0 ? ?
1 0 1 ? 1 1 1 ? 1 0 0 0
? ? ? ? ? 1 ? ? [12] ? 0 ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? 1 0
1 0 0 ? [12] 1 0 0 1 0 ? ?
? ? ? ? ? ? ? ? ? ? ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? ? ? [12] ? ? 0 ? ? ? ?
1 1 0 1 2 ? ? 1 2 1 1 0
? ? 0 1 [12] ? ? ? [12] 1 ? ?
1 0 0 ? 1 1 ? 0 1 0 ? ?
1 1 0 1 2 1 ? 0 2 1 ? 0
? ? ? ? ? ? ? ? ? ? ? ?
1 ? ? 1 1 ? ? 0 1 ? ? ?
1 0 1 1 2 1 0 0 1 1 0 0
1 0 1 1 2 1 ? 1 2 - 1 0
1 0 0 1 2 1 0 1 2 - 1 0
? ? ? ? ? ? ? ? ? ? 1 0
? ? ? ? 2 ? ? ? ? ? 1 0
1 1 0 1 2 ? ? 1 ? ? 1 0
1 1 ? ? 2 ? ? 1 ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 1 ? ? 2 ? ? ? ? ? ? 0
1 1 1 1 2 1 0 1 2 1 1 0
0 1 1 1 2 1 0 1 2 1 1 0
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102 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

Taxa\characters 201 202 203 204 205 206 207 208

Dromaeosauridae 0 - 0 0 0 0 0 0
Archaeopteryx (all ten) 0 - 0 0 0 0 0 ?
Jeholornis prima ? ? 0 ? ? ? 0 ?
Rahonavis ostromi 1 2 0 0 1 0 0 1
Shenzhouraptor sinensis ? ? ? ? ? ? ? ?
Jixiangornis orientalis ? ? ? ? ? ? ? ?
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae ? ? [02] 0 [01] ? ? 0
Sapeornis chaoyangensis 0 - ? 0 1 0 0 ?
Didactylornis jii ? ? ? ? ? ? ? ?
Confuciusornis sanctus 1 1 2 0 1 0 1 ?
Changchengornis hengdaoziensis ? ? ? ? ? ? ? ?
Eoconfuciusornis zhengi ? ? ? ? ? ? ? ?
“Dalianornis mengi” ? ? ? ? ? ? ? ?
Cathyaornis yandica 1 2 ? ? ? ? 1 ?
Concornis lacustris ? ? ? ? ? ? ? ?
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi 1 ? 1 ? ? ? ? ?
eocathay walkeri from single slab ? ? ? ? ? ? ? ?
Eoenantiornis buhleri ? ? 1 ? ? ? ? ?
Gobipteryx minuta ? ? ? ? ? ? ? ?
Iberomesornis romerali ? ? ? 0 ? ? ? ?
Longipteryx chaoyangensis ? [12] 1 ? 1 0 ? ?
Longirostravis hani ? 1 ? ? ? ? ? ?
Neuquenornis volans 1 1 1 0 ? ? ? ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi 1 ? ? ? ? ? ? ?
Protopteryx fengningensis ? ? 1 ? ? ? ? ?
Rapaxavis pani ? ? ? ? ? ? ? ?
Shanweiniao cooperorum ? ? ? ? [01] 0 ? ?
Vescornis hebeiensis ? ? ? ? ? ? ? ?
Vorona berivotrensis 1 ? 1 1 [01] ? 1 1
Archaeorhynchus spathula ? ? ? ? ? ? ? ?
Liaoningornis longidigitrus 1 ? ? ? ? ? ? ?
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi ? ? ? ? ? 0 1 ?
Apsaravis ukhaana 1 [12] ? 1 1 0 ? ?
Hongshanornis longicresta ? ? ? ? ? ? ? ?
Yanornis martini 1 ? ? ? ? ? ? ?
Patagopteryx deferrariisi ? ? 2 0 ? ? ? ?
Hollanda luceria ? ? ? 1 2 0 1 1
Yixianornis grabaui 1 ? 2 ? 1 0 1 ?
Gansus yumenensis 1 [12] ? 1 1 0 1 ?
Ichthyornis dispar 1 2 2 1 1 0 1 ?
Hesperornis regalis 2 1 2 2 1 0 1 1
Parahesperornis 2 1 2 2 1 0 1 1
Enaliornis baretti 1 2 2 1 1 0 1 1
Baptornis advenus 1 2 2 1 1 0 1 1
Baptornis varneri ? ? ? 2 1 0 1 ?
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai 1 1 2 1 1 0 ? ?
Anas 1 1 2 1 1 0 1 1
Gallus 1 1 2 1 1 0 1 1



209 210 211 212 213 214 215 216 217 218 219 220

0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 1 ? 0 ? ? 0 ? ? 0
0 ? ? 0 [01] 0 ? 1 0 ? ? 1
0 1 1 1 0 0 0 1 0 0 2 1
0 ? 0 ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 ? 0 0 ? 0 ? ? 0 ? ? 1
1 0 0 0 ? 0 ? 1 1 1 ? 1
1 ? 0 ? ? ? ? ? ? ? ? ?
1 ? 0 0 1 0 0 0 0 ? 1 1
? 0 ? ? ? ? ? ? ? ? ? 1
0 ? ? ? ? ? ? 1 0 ? ? ?
0 ? ? ? ? ? ? ? ? ? ?
? ? ? [01] ? ? ? ? ? 1 ? 1
1 1 1 1 ? ? ? ? ? ? ? 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? 1 0 [01] 1 0 ? 0 1 1 ? 1
0 1 ? 0 ? ? ? ? ? ? ? ?
? ? 0 ? ? ? ? 0 ? 1 ? 1
1 ? 0 0 ? ? ? ? ? 1 ? 1
? ? ? 1 ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 ? ? [01] ? 0 1 [12] 1 1 ? 1
0 ? ? ? ? ? ? ? ? ? ? ?
0 ? 0 [01] ? 0 ? 1 1 ? ? 1
1 ? ? ? ? ? ? ? ? ? ? 1
0 ? ? [01] ? ? ? ? ? ? ? ?
0 1 0 1 [12] 1 0 0 1 1 1 1
0 ? 0 [12] 0 0 ? ? ? ? 2 1
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
1 0 0 2 2 [01] 1 2 1 ? 1 1
1 ? ? ? 2 0 1 2 1 ? ? 1
? 0 ? [12] ? ? ? ? ? ? ? 1
1 ? 0 ? ? 0 ? ? 0 ? ? 1
1 0 0 1 ? 0 ? 0 1 1 1 1
1 0 1 [12] 0 0 0 0 1 2 1
1 0 0 ? ? ? ? ? ? ? ? 1
1 0 0 [12] 2 ? 0 ? 0 ? 2 1
1 0 0 2 2 1 1 1 0 ? 2 1
1 0 2 2 1 1 1 1 1 2 1
1 0 2 2 1 1 1 0 ? ? ?
1 0 2 2 1 1 1 0 ? ? ?
1 0 2 2 1 1 1 0 1 2 1
1 0 2 2 1 0 1 0 1 2 1
? ? ? ? ? ? ? ? ? ? ? ?
1 ? 0 2 ? 2 ? 1 ? ? ? ?
1 0 0 2 2 2 0 1 1 1 2 1
1 0 0 2 2 2 0 1 1 1 2 1
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104 J INGMAI O’CONNOR, LU IS M. CHIAPPE , AND ALYSSA BELL

Taxa\characters 221 222 223 224 225 226 227 228

Dromaeosauridae 0 0 0 0 0 0 0 0
Archaeopteryx (all ten) 0 0 0 0 0 0 0 0
Jeholornis prima 1 0 0 0 0 0 0 0
Rahonavis ostromi 0 0 0 ? 0 0 1 0
Shenzhouraptor sinensis 0 0 ? ? 0 ? ? ?
Jixiangornis orientalis ? 0 ? ? ? ? 0 0
Dalianraptor cuhe ? ? ? ? ? ? ? ?
Zhongornis haoae ? 0 0 ? 0 ? 0 0
Sapeornis chaoyangensis 1 0 0 0 0 0 0 0
Didactylornis jii 1 0 ? 0 0 0 0 0
Confuciusornis sanctus 1 0 0 0 0 1 0 0
Changchengornis hengdaoziensis 1 0 0 0 0 ? 0 ?
Eoconfuciusornis zhengi ? 0 ? 0 0 0 0 0
“Dalianornis mengi” 0 0 ? ? 0 0 1 0
Cathyaornis yandica ? ? ? ? ? ? ? ?
Concornis lacustris 1 1 0 ? 0 0 1 0
Elsornis keni ? ? ? ? ? ? ? ?
Eoalulavis hoyasi ? ? ? ? ? ? ? ?
eocathay walkeri from single slab ? ? ? ? ? ? ? ?
Eoenantiornis buhleri 1 1 ? ? 0 ? 1 0
Gobipteryx minuta 1 0 0 1 0 ? 1 0
Iberomesornis romerali 0 0 ? 1 0 0 0 0
Longipteryx chaoyangensis ? 0 ? 1 0 0 0 0
Longirostravis hani 1 [01] ? 1 0 0 0 0
Neuquenornis volans 1 0 ? ? 0 ? 1 ?
Otogornis genghisi ? ? ? ? ? ? ? ?
Pengornis houi 1 0 0 ? 0 0 1 0
Protopteryx fengningensis 0 0 ? ? 0 0 0 0
Rapaxavis pani 0 0 ? 1 0 0 0 0
Shanweiniao cooperorum 1 0 ? ? 0 0 0 0
Vescornis hebeiensis 0 0 ? ? 0 0 1 0
Vorona berivotrensis 1 [12] 0 0 0 1 1 0
Archaeorhynchus spathula 1 [01] 0 1 0 0 0 0
Liaoningornis longidigitrus 1 1 0 ? 0 0 [01] 0
Songlingornis linghensis ? ? ? ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ? ? ? ?
Longicrusavis houi 1 2 0 1 1 1 0 0
Apsaravis ukhaana 1 [12] ? 1 1 1 0 0
Hongshanornis longicresta 1 2 0 ? 0 ? 0 0
Yanornis martini 1 1 0 1 1 ? 0 0
Patagopteryx deferrariisi 1 2 0 1 0 1 0 0
Hollanda luceria 1 0 ? 0 0 1 2
Yixianornis grabaui 1 [12] 0 1 ? 0 0 0
Gansus yumenensis 1 2 0 1 1 1 0 0
Ichthyornis dispar 1 2 0 1 1 2 0 2
Hesperornis regalis 1 2 0 1 1 2 0 2
Parahesperornis 1 2 0 1 0 2 0 2
Enaliornis baretti 1 2 0 1 0 ? 0 1
Baptornis advenus 1 2 0 1 0 2 0 1
Baptornis varneri 1 2 0 1 1 2 0 1
Limenavis patagonica ? ? ? ? ? ? ? ?
Vegaavis iaai 1 2 0 1 1 ? ? ?
Anas 1 2 0 1 1 2 0 1
Gallus 1 2 0 1 1 2 0 1



229 230 231 232 233 234 235 236 237 238 239 240

0 0 0 0 [01] 0 0 0 0 0 0 0
0 0 0 0 0 ? 0 ? 0 0 ? 0
0 ? ? 0 0 ? 0 2 0 0 ? 0
0 0 0 0 [12] 0 0 [01] 0 0 0 0
? 0 ? 0 ? ? 0 ? 0 ? ? 0
? ? ? ? ? ? ? [01] ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 0 ? ? 0 [12] 0 0 ? 0
0 0 0 0 0 ? 0 0 0 0 ? 0
? ? 0 ? ? ? 0 0 0 0 ? 0
0 1 ? 2 1 0 0 0 0 0 0 0
0 ? ? 2 ? ? 0 1 0 0 ? 0
0 0 0 2 ? 0 0 2 0 0 ? 0
? ? ? 2 ? ? ? [01] ? 0 ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? 0 [01] ? ? 0 0 0 0 ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? 0 ? ? 1 ? 0
0 ? ? 1 1 ? 0 ? ? 1 ? 1
0 0 0 1 ? ? 0 0 0 ? ? 0
0 0 0 0 1 ? [13] 2 0 0 0 0
? ? 0 ? ? ? 0 1 0 0 ? 0
? 1 ? 2 ? 0 0 ? 0 1 1 0
? ? ? ? ? ? ? ? ? ? ? ?
0 1 0 1 2 0 0 1 0 1 ? 0
? ? 0 0 ? ? 0 [01] 0 1 ? 0
? ? 0 0 2 ? 0 1 0 0 ? 0
? ? ? ? 1 ? [01] [01] ? 0 ? 0
? ? 0 1 1 ? [01] 2 0 1 ? 1
0 1 1 ? 0 2 0 1 0 0 0 0
? ? ? ? 0 ? 0 1 0 0 ? 0
? ? ? 1 [12] ? 0 1 0 0 ? 0
? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ?
? ? 1 0 1 0 0 1 0 0 ? 0
1 ? 1 ? 2 0 0 1 0 0 ? 0
? 0 ? 0 ? ? 0 2 0 0 ? 0
[01] ? ? 1 2 ? 0 1 0 0 ? 0
1 1 1 0 0 0 0 ? 0 0 ? 0
[123] 1 1 1 2 0 0 3 0 0 0 0
1 1 1 0 ? 0 0 1 0 ? ? 0
1 0 1 0 2 ? 0 2 0 0 0 0
? 0 1 ? 2 1 0 2 0 0 0 0
1 0 ? ? 1 2 3 2 1 0 1 0
1 0 0 ? 1 2 3 2 1 0 0 0
1 0 0 ? ? ? 0 1 0 0 0 0
1 0 0 ? 1 2 1 1 0 0 0 0
1 0 0 ? 1 2 1 2 1 0 0 0
? ? ? ? ? ? ? ? ? ? ? ?
3 ? 1 ? ? ? ? 1 ? ? ? 0
3 0 1 3 2 1 0 2 2 0 0 0
3 0 1 3 2 2 0 1 2 0 1 0
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Taxa\characters 241 242 243 244 245

Dromaeosauridae 0 0 0 0 0
Archaeopteryx (all ten) 0 0 1 0 0
Jeholornis prima 0 1 0 ? 0
Rahonavis ostromi 0 1 0 ? ?
Shenzhouraptor sinensis 0 0 0 ? 0
Jixiangornis orientalis ? 1 0 ? 0
Dalianraptor cuhe ? 1 1 ? 0
Zhongornis haoae 0 1 1 ? ?
Sapeornis chaoyangensis 0 1 1 ? ?
Didactylornis jii 0 1 1 ? ?
Confuciusornis sanctus 0 1 1 0 0
Changchengornis hengdaoziensis 0 1 1 ? 0
Eoconfuciusornis zhengi 0 1 0 0 0
“Dalianornis mengi” ? 1 ? ? ?
Cathyaornis yandica ? ? ? ? ?
Concornis lacustris 0 1 ? ? ?
Elsornis keni ? ? ? ? ?
Eoalulavis hoyasi ? ? ? 1 ?
eocathay walkeri from single slab ? ? ? ? ?
Eoenantiornis buhleri ? 1 1 1 0
Gobipteryx minuta ? ? ? ? ?
Iberomesornis romerali 0 1 1 ? ?
Longipteryx chaoyangensis 0 1 [01] ? ?
Longirostravis hani 0 ? ? ? ?
Neuquenornis volans 0 1 [12] ? ?
Otogornis genghisi ? ? ? ? ?
Pengornis houi 0 ? ? ? ?
Protopteryx fengningensis 0 1 1 1 0
Rapaxavis pani 0 1 1 ? ?
Shanweiniao cooperorum ? 1 [01] ? 1
Vescornis hebeiensis 0 1 1 ? ?
Vorona berivotrensis 0 ? ? ? ?
Archaeorhynchus spathula 0 ? ? ? ?
Liaoningornis longidigitrus 0 1 [12] ? ?
Songlingornis linghensis ? ? ? ? ?
Ambiortus dementjevi ? ? ? ? ?
Longicrusavis houi 0 1 1 ? ?
Apsaravis ukhaana 0 ? ? ? ?
Hongshanornis longicresta 0 1 1 1 1
Yanornis martini 0 1 1 ? ?
Patagopteryx deferrariisi 0 0 1 ? ?
Hollanda luceria 0 ? ? ? ?
Yixianornis grabaui 0 1 1 ? 1
Gansus yumenensis 0 1 1 ? ?
Ichthyornis dispar 0 ? ? ? ?
Hesperornis regalis 2 ? ? ? ?
Parahesperornis 2 ? ? ? ?
Enaliornis baretti 0 ? ? ? ?
Baptornis advenus 1 ? ? ? ?
Baptornis varneri 1 ? ? ? ?
Limenavis patagonica ? ? ? ? ?
Vegaavis iaai ? ? ? ? ?
Anas 0 1 0 1 1
Gallus 0 1 0 1 1
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4 Progress and Obstacles in the
Phylogenetics of Modern Birds

BRADLEY C. LIVEZEY

Carnegie Museum, Pittsburgh, USA

The invitation to participate in this volume pro-

vided anunusual opportunity forme to explore the

philosophical undercurrents that serve and afflict

this dynamic and important period in avian phy-

logenetics. My contribution is admittedly that of

an avian phylogeneticist with principal experi-

ence with phenotypic (morphological) data (Live-

zey&Zusi, 2001, 2006, 2007).Although I endeavor

to maintain an essential understanding of molec-

ular methods, the following text clearly includes

personal views of some highly contentious issues

involving those. As one of the primary objectives

here is to differentiate matters of empirical infer-

ence from those of personal impression, I expect to

fail to some extent.

Although significant advances in methods and

inferences are evident in avian phylogenetics, dur-

ing the latter 20th century the field has been com-

promised by deep divisions among subgroups of

practitioners. Progress that has beenmade is espe-

cially gratifying where diverse approaches reveal

comparable patterns, e.g. Galloanserimorphae.

However, most inferences either are limited to a

single methodological approach or present differ-

ent pictures of avian phylogeny, and attempts to

resolve differences or bring all data to bear on

problematic groups are rare to nonexistent. This

deficiency reflects a lack of consensus in objec-

tives, standards of investigation, justifications

for perspectives, shared philosophies pertaining

to phylogenetic hypotheses, and a common

nomenclature for critical terminology and con-

cepts that bridge schools.

Perhaps most troubling is the lack of a repeat-

able protocol to optimize a summary of available

data and trees and to approximate nonarbitrarily

the status of variably contradictory phylogenetic

reconstructions. More specifically, a broadly

accepted way to combine groupings across meth-

ods and studies, aswell as indicate relative support

for included groups (Farris & Goloboff, 2008;

Grant & Kluge, 2008), and requisite theoretical

investment in these urgent priorities’ is needed.

In what follows, I attempt to draw attention to

the challenges and potential pitfalls presented by

the present diversity of data and protocols bearing

on avian phylogeny. Moreover, whereas an appre-

ciation and synergism amongmajority andminor-

ity schools seems the most constructive of

possible futures, I contend that this diversity

instead has become the victim of divisive, unem-

pirical assertion. This domination of cooperative

methods by a competition for single-school

supremacy has perpetuated the unfortunate poli-

tics of systematics of the past 50 years to the

present day.

HISTORICAL ORIGINS OF PHYLOGENETICS

For centuries, organisms were grouped into spe-

cies and higher assemblages purely on the basis of
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informal assessments of overall phenotypic sim-

ilarity (Feduccia, 1977, 1995, 1996). Three concep-

tual events fundamentally revolutionized this

practice: (i) Mendelian genetics, the subcellular

basis by which phenotypes were rendered herita-

ble; (ii) discovery that the underlying genetic

material was DNA, a double helix comprising

genes, linear triplets of nucleotides (four possible

alternatives), the informative sites being limited

to the first two of three nucleotides, and a redun-

dancyof translative equivalenceof 20 aminoacids;

and (iii) the pivotal recognition by Hennig (1966)

that historical hierarchies reflected by shared

derived characters (synapomorphies) are proper

reflections of phylogenetic descent and natural

groups. A glance at these three revolutionary

leaps reveals by its absence what is perhaps the

greatest remaining obstacle to progress in phylo-

genetics, that is the multitude of factors that

influence the translation of genotype into pheno-

type. The early roots and applications of cladistics

were in phenotypic contexts most frequently

referred to as morphological characters, in part

because such data were most familiar and were

those with which Hennig (1966) and other propo-

nents (Wiley, 1981) primarily exemplified cladis-

tic methodology. However, a growing interest in

molecular biology – e.g. paternity, identity by

finger-printing, and insights into the structural

nuances of the genome and chromosomes –

assumed newpriority before either an understand-

ing of ontogeny was accomplished or applications

of phenotypic cladistics had matured.

DNA HYBRIDIZATION AND THE DEMISE

OF MOLECULAR PHENETICS

The first decades following the introduction of

cladistics were largely consumed by a theoretical

debate concerning the comparative propriety of

overall similarity (phenetic school) and special

or apomorphic similarity (cladistic or phyloge-

netic school) for the reconstruction of phyloge-

netic relationships, with some confusion

including essences of both by the eclectic school

(Raikow, 1985). The final stages of this current

debate marked an increasing investment by

the National Science Foundation (NSF) and

other funding opportunities into study of

molecular biology.

Following digressions into the phylogenetic

implications of interspecific hybridization (Sib-

ley, 1957) and distances based on compositions

of amino acids through electrophoresis (Sibley &

Ahlquist, 1970, 1972), the coincident interests of

molecular structure and phylogenetic relation-

ships led Sibley & Ahlquist (1990) to the quintes-

sential phenetics of DNA–DNA hybridization.

Widely acclaimedbymany and awaitedwithunre-

strained zeal by a community frustrated by the

absence of reliable phylogenies, it was surprising

to many that this massive effort generally was

judged to be a failure within a few years of publi-

cation (Cracraft, 1987;Houde, 1987; Lanyon, 1992;

Mindell, 1992; Harshman, 1994). Subsequently,

most systematists enamored of molecular evi-

dence turned to nucleotide sequences for phylo-

genetic purposes, progressing from mitochondial

to nuclear genomes and from parsimony to max-

imum-likelihood (Felsenstein & Sober, 1987;

Felsenstein, 2004) and Bayesian estimators

(Harney, 2003; Ronquist, 2004) as theory and

computational power advanced.

During this period, cladistic exploration of phe-

notypic features of modern Aves augmented a

traditional paleontological enterprise (Padian

& Chiappe, 1998; Fountaine et al., 2005), and

despite lower profiles and publicity than corre-

sponding molecular works, these efforts came to

include increasingly large taxonomic groups and

anatomical data sets of greater dimension

(Livezey, 1986, 1991, 1995a, 1996, 1997, 1998; Ber-

telli et al., 2002; Ksepka et al., 2006). However,

these concurrent programs failed to achieve

mutual respect or collaborative synergy, and

phenotypic methods were regular subjects of

condescension or derision by some (McCracken

et al., 1999; van Tuinen, 2005; Scotland

et al., 2003), an unfortunate and ironic perpetua-

tion of the polemics extolled in the ill-fated enter-

prise by Sibley & Ahlquist (1990).

A reanalysis of the sparse data matrix of Sibley

& Ahlquist (1990) by a few stalwarts (Harshman,

118 BRADLEY C. L IVEZEY



1994; Bleiweiss et al., 1995) salvaged little signal.

Infrequent use of the method persisted (e.g.

Houde, 1987) but failed to alter themarked course

of the field away from phenetic methods.

Remarkably, aminority still employ DNA–DNA

hybridization (Hedges & Sibley, 1994; van Tui-

nen et al., 2001), and some bolster claims of

molecular superiority through comparisons of

the phenograms by Sibley & Ahlquist (1990)

with traditional classifications (van Tuinen,

2005) or morphological phylogenetics (Fain &

Houde, 2004). Despite fundamental shortcom-

ings, large studies can show unmerited longevity

in some professional circles.

As much as the genome captures increasing

interest among the upcoming cohort of systema-

tists, the phenotype remains essential to numer-

ous evolutionary topics – e.g. vestigialization

(Fong et al., 1995; Livezey, 2003), heterochrony

and appendicular growth (Oster et al., 1988;

Livezey, 1995b) – for which phylogenetic insights

are critical. Despite some condescending calls for

limiting phenotypic data to attributes mapped a

posteriori onmolecular phylogenies (e.g. Scotland

et al., 2003), confident insights into distributions,

transformations, rates, and correlations of genic

and phenotypic patterns require detailed study of

both genotypes and phenotypes by comparable

means (Omland, 1997). Intuitively, it is imprudent

to limit investigation of a massive and complex

historical problem to the weaknesses and

strengths of a single tool, a narrowness of practice

no longer necessary (Eldredge & Cracraft, 1980;

Wiley, 1981; Felsenstein, 2004). Also, intuitively

bizarre unions grounded solely on molecular evi-

dence and fossil-based estimates of evolutionary

rates (Bromham et al., 2002) will remain tenuous

in the absence of a plausible explanation for

grossly contradictory characteristics of pheno-

types. Where disagreements prove intransigent,

such tandem investigation is essential to the iden-

tification of those characters holding most prom-

ise for gaining insights into the ontogenetic

mechanisms and the processes influential in the

history of the controversial lineage.

During recent years, diversification of methods

has led to a substantive debate concerning philo-

sophical implications (Sober, 1985, 1987, 1988,

1996, 2002, 2004, 2005; Felsenstein & Sober,

1987; Patterson, 1987; Patterson et al., 1993;

Steel & Penny, 2000, 2004b; Kluge, 1997a,b;

2001a,b 2007; van Tuinen, 2005), reliability of

various sources of signal (Baker et al., 1998; Jenner,

2004a; Ray et al., 2006; Revell et al., 2008), meth-

ods for refinement of models upon which infer-

ences are based (Penny et al., 1994; Kim, 1998a,b;

Burnham & Anderson, 2002; Durrett, 2002;

Konishi & Anderson, 2002; Kelchner & Thomas,

2006), objective comparisons of studies (Farris

et al., 1994; Jenner, 2004b; Pisani et al., 2007),

and exploration or synthesis ofmultiple empirical

pathways (Raup & Gould, 1974; Hecht, 1989;

Geeta, 2003). Nevertheless, overtly prejudicial

views on morphological phylogenetics persist, a

notable number of titles include the archetypical

term of adversarial points of view – vs. or versus

(e.g. Hedges &Maxson, 1996; Givnish& Systsma,

1997;Hillis&Wiens, 2000). Fortunately, systema-

tists of more even-handed perspectives also are in

evidence (Lee, 1997;Hillis&Wiens, 2000; Baker&

Gatesy, 2002; Cracraft et al., 2003), preserving

hopes for a phylogenetics of genotypic and pheno-

typicbases (Fitch, 1979;Davidson, 1991; Simmons

et al., 2004a) and objectivism regarding signal

(Penny & Hendy, 1986).

At present, it is undeniable that phenotypic

phylogenetics remains in the minority, although

explicit endorsements persist (e.g. Sereno, 2007).

Ease of data collection almost certainly contri-

butes to the popularity of molecular investiga-

tions, but commitment to phenotypic evolution

endures, despite blatant assaults to the contrary

(e.g. van Tuinen, 2005) and in the absence of

empirical justification or a single, widely

accepted phylogeny by which to judge relative

accuracy. The increasing economy of direct

sequencing of DNA represents an advantage,

but also necessitates alternative modes of analy-

sis (maximum-likelihood estimates, Bayesian)

and increasingly complex evolutionary models.

Some consider quantitative comparisons between

morphological and molecular inferences merito-

rious and of evolutionary interest (Patter-

son, 1987; Patterson et al., 1993; Omland, 1997;
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Benton, 1999; Bromham et al., 2002; Pisani

et al., 2007), spawning increased formality of

comparison (Huelsenbeck & Bull, 1996; Goldman

et al., 2000). Only where molecular data are

not available, notably in the case of analyses

of fossil taxa, does the balance of effort

broadly favor phenotypic evidence among the

majority persuaded by signal indicated by

molecular patterns.

ATYPICALYEAR INAVIANPHYLOGENETICS

A year of research on the systematics of modern

birds generally witnesses the publication of sev-

eral dozen analyses at family level or lower, and

fewer than one-half dozen analyses of higher-order

relationships. Studies of higher-order phyloge-

netics by phenotypic means currently are domi-

nated by those for fossil taxa. Of neontological

projects, a substantial majority are based on DNA

sequences, most of which are analyzed by Bayes-

ian or maximum-likelihood methods and use, at

least in part, sequences available from the internet

(GENBANK).

Among these diverse studies, most share only a

minority of ingroup taxa and nodes, a circum-

stance making identification of specific points

of disagreement and advantage problematic. The

single avian order Pelecaniformes (or subparts

thereof) has been the subject of phylogenetic

investigation diverse in method and findings

(Table 4.1) at a semi-annual pace beginning with

Cracraft (1985) to the present. Unfortunately, this

annual harvest almost never is subjected to any

comparative assessment or synthesis of findings,

leaving readers to face the increasingly confusing

published record without informed oversight or

reliably objective input by colleagues.

Consensus regarding nodes is attained at pres-

ent only when a substantial majority of works

including the relevant taxa recover the same or

very similar topologies, an agreement bolstered

where substantial support statistics and robust-

ness grace most or all sources. Realistically, how-

ever, hypotheses seldom are proposed a priori, and

no explicit means of falsifiability is recognized, a

deficiency that has led to a common, if unempir-

ical adoption of methodological bias by which

variably plausible scenarios and unsupported

Table 4.1 Chronology of recent analyses of phylogeny of modern Pelecaniformes with critical analytical criteria.

Reference Modern taxa Type of data Method Notable findings

Cracraft (1985) 6 families Phenotypic Parsimony Ordinal monophyly
Siegel-Causey (1988) 2 families Morphology Parsimony Familial monophyly
Sibley & Ahlquist (1990) 7 families Nuclear DNA DNA hybridization Ordinal polyphyly
McKitrick (1991) 4 families Pelvic myology Parsimony Polyphyly, several trees
Hedges & Sibley (1994) 6 families Mtdna DNA hybridization Polyphyly
Siegel-Causey (1997) 7 families Mtdna, morphology Parsimony Ordinal polyphyly
Farris et al. (1999) 2 families Contra Hedges Parsimony Inadequate support
Kennedy et al. (2000) 2 families Sequence data Parsimony Familial monophyly
Van Tuinen et al. (2001) 3 families Mtdna Phenetics Ordinal monophyly
Mayr (2003) 7 families Osteology Parsimony Ordinal monophyly
Mayr & Clarke (2003) 3 families Morphology Parsimony Ordinal monophyly
Cracraft et al. (2004) 7 families Sequence data Parsimony Ordinal polyphyly
Kennedy & Spencer (2004) 5 families Mtdna sequence Likelihood Novel topology
Bourdon (2005) 5 families Osteology Parsimony Ordinal monophyly
Bourdon et al. (2005) 7 families Osteology Parsimony Ordinal polyphyly
Kennedy et al. (2005) 4 families Sequence data Neighbor networks Familial monophyly
Livezey & Zusi (2007) 7 families Morphology Parsimony Ordinal monophyly
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speculation serve as surrogate conciliations of

competing inferences. In general, the enterprise

of phylogenetic systematics typically comprises

multiple, methodologically diverse exploratory

exercises of different taxonomic groups. Unfortu-

nately, there is little in the way of overarching

planning with respect to taxonomic groups of

highest priority for study, no statistical standards

for optimizing inferences within studies, and no

accepted protocol for judging among inferences

drawn from independent investigations.

SOCIOLOGICAL ASPECTS OF

CONTEMPORARY SYSTEMATICS

Marketplace of science and publication

In systematics, a triplet of multidisciplinary

periodicals are considered bymany to be of special

influence in the scientific community. These few

favorites are the for-profit, multidisciplinary

weekly journals Nature (UK) and Science (USA),

and the membership-constrained, governmen-

tally subsidized Proceedings of the National

Academy of Sciences (USA). As in most profes-

sional journals, editorial boards typically are dom-

inated by peers whose specialties favor topics of

comparatively widespread interest, which for sys-

tematics have favored discoveries ancient and

unexpected (notably fossils) and methods consid-

ered to be sophisticated (notably molecular tech-

niques), and reflect as well the level of interest

shown by readers of the wider scientific commu-

nity. Together, the market-driven editorial filters

pose significant obstacles to the publication of

phenotypic phylogenetics of modern taxa

(Jenner, 2004a,b).

These challenges fortunately are not typical of

the systematic community per se, although trends

are not encouraging of methodological diversity, a

circumstance unlikely to be balanced by compar-

isons based on dubious criteria such as estimates

of homoplasy (Sanderson&Donaghue, 1989).This

imbalance is worsened by the format shared by

many outlets, one that severely limits length of

works and included figures, and relies heavily on

associated web-based supplementary files. The

editorial and stylistic hurdles posed by these out-

lets are conducive neither to traditionally descrip-

tive, morphological works nor analytical detail.

With the spread of technology bearing on

sequencing of DNA, the ease of automated collec-

tion of data, andmultiplemeans for establishment

of alignment and inferences among taxa, a com-

parative tide of molecular studies inundated lim-

ited outlets of publication. In the instance of birds

and other “higher” vertebrates, this led to several

new, well funded, and professionally produced

monthly or quarterly journals dedicated to molec-

ular phylogenetics and associated topics (e.g.

Molecular Phylogenetics and Evolution, Journal

of Molecular Biology, and Molecular Biology and

Evolution). The advantage of publication that

these afford molecular works over phenotypic

explorations is substantial. This change is

especially notable in view of the centuries of

morphological work and specimens that preceded

molecular techniques, much of the former

having remained unincorporated and the latter

unstudied in a phylogenetic context during sub-

sequent decades.

The comparative sizes of molecular data matri-

ces precluded from the start the publication of

matrices in molecular studies. Consequently, an

early web-based archive of sequence data was

introduced (GENBANK), rendering the associated

phylogenetic analyses free of the cost of publica-

tion of data and a considerable increase in econ-

omy. By contrast, use of descriptive morphology

for phylogenetic analysis was delayed by an

absence of similar web-based outlets, despite the

fact that suchmatrices tended to bemuch smaller

than their counterparts for molecular works. For-

tunately, comparable distribution of character

matrices via websites by authors, journals, or dig-

ital archives (e.g. MORPHOBANK) is rapidly closing

this gap between disciplines.

Influence and ease of plug-and-play analyses

It is bothundeniable and regrettable that fewof the

systematists toiling in the discipline – interests

avian or otherwise – have in-depth training in
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mathematics let alone interests in the special areas

of critical importance in phylogenetic theory. It

appears from the literature that systematists, like

specialists in other biological disciplines, tend to

suffer the traditional phobia concerning numerical

skills. The restriction of mathematical skills to a

small minority of the field has imposed two neg-

ative effects on the diversity and magnitude of

progess in systematics, both of which derive in

part from the uninformed or fashion-driven selec-

tion of approach, analytical methods, numerical

models, and graduate experience.

The first is that those few fortunates having

mathematical facilities have profound theoretical

andmethodological influence on the practitioners

comprising the majority in the field: most of the

latter are intimidated into uninformed confor-

mance. The skewed distribution of mathematical

skills also has led to a largely cookbook approach

to the implementation of software by those amas-

sing the evidence upon which trees and consen-

suses ultimately are built. Most practitioners of

Bayesian inference have had no formal training in

the statistical foundations of this subtly but fun-

damentally distinct framework, and insight is

limited to that fortunately gleaned from the writ-

ings of a favored few. Predictably, flawed analyses

often are introduced to the literature by substan-

dard methods and lead to the predictable fruits of

haste (Erixon et al., 2003; Simmons et al., 2004a).

The combination of untrained implementation of

easy-use software with limited training and

unconscious bias regarding inferences and alter-

native approaches justifiably encourages a suspi-

cion concerning the empirical content of an

indeterminate proportion of phylogenetic works.

Initial use of Bayesian methods in phylogenetics

already has been called into question regarding

realism of support statistics (Simmons et al.,

2004b) and dubiously justified adoption of priors

(Hartigan, 1998; Felsenstein, 2004).

Phylogenetics by committee

Enduring uncertainty can foster an imposition of

opinion, even in science. Unfortunately for orni-

thology, a recent third-party adjudication, the49th

supplement of the American Ornithologists’

UnionCheck-list (Banks et al., 2008), underscored

an important but unintended issue in avian sys-

tematics. Although the Check-list neither has

legalistic standing or represents the views of soci-

etal membership, it has the appearance of such,

and arguably serves as a taxonomic resource. In

light of these real and apparent roles, the strangely

hurried, biased, and needless adoption by Banks

et al. (2008) of the interordinal affinity of the

grebes (Podicipediformes) and flamingos (Phoeni-

copterigiformes) overtly injected politics into sci-

ence.A sympathetic but equally unempirical view

was expressed in the British sister periodical, The

Ibis (Sangster, 2005).

Wording in Banks et al. (2008) ranges from

biased to incorrect: under the flamingos (p. 760),

the proposal is adopted “to recognize the close

relationship to the order Podicipediformes

shown by several genetic studies . . . they were

formerly considered more closely related to the

Ciconiiformes [emphasis added].” Given the

implication of certainty, nonspecialists may

assume the classification to be a reliable basis

for design of phylogenetic contrasts, whereas

informed readers justifiably might doubt the

veracity of the entire work, useful instead as an

example of the low standards too frequently

employed in higher-order systematics of birds.

The recent addendum to the Check-list cited

only studies consistent with the revision, and

neither molecular (Brown et al., 2008) nor mor-

phological counterevidence (Livezey & Zusi,

2006, 2007) or other dissensions (Storer, 2006)

were noted; even the review of supportive works

was superficial (Mayr & Clarke, 2003). The

absence of a single credible morphological synap-

omorphy evidently also was deemed unworthy of

mention (Livezey & Zusi, 2007; contra

Mayr, 2004). Mayr (2004) pointedly searched for

morphological characters quasi-consistent with

the alliance, but nevertheless the few noted also

were shared with other taxa relevant to the ques-

tion (e.g. some Ciconiiformes). As a paleontolo-

gist, Mayr (2004) lamented that fossil grebes

were so modern in form as to be of little use in

deciphering ordinal origins. Evidently, the
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qualities sought in fossils for such cases include

taxa (O’Keefe & Sander, 1999): (i) synapomorphi-

cally diagnosable as members of the Podicipedi-

formes, but (ii) sufficientlyplesiomorphic so asnot

to be too “grebe-like” to hint at a possible role

as “linking” the two modern orders, and (iii) apo-

morphies to unite this intermediate fossil with

nonpodicipediforms.

The four molecular papers that were cited in

support of the revision followed no protocol of

demonstrated rigor: one was based on few taxa

and the defunct method of DNA hybridization

(van Tuinen et al., 2001); another combined

nuclear sequences of five genes with selected fos-

sils (Ericson et al., 2006); and the remaining two

merged multiple molecular data sets and either

yielded poor resolution (Cracraft et al., 2004) or

only modest support (Chubb, 2004). Chubb (2004)

rationalized this counterintuitive union of dis-

tinctly different orders by citing conditions nor-

mallymarshaled to support a claimof convergence

instead of leading to obfuscation of close relation-

ships by mere specialization in phenotypically

disparate groups of divergent aquatic habit.

At best the action by the Check-list committee

reflects a traditional discomfortwith“unattached”

orders (appearance of ignorance), and at worst a

concerted attempt to impose the false clarity of

opinion where data fail to resolve. Lacking any

original contribution or a balanced presentation,

are such classificatory votes actually constructive?

Obviously, systematists will continue empirical

pursuit of evidence bearing on hypotheses, but

derivativeedictssuchastheCheck-listwouldprofit

taxonomic summaries if based on the entire empir-

ical basis rather than a single prejudical vote by

nonspecialists. Also notable is an arbitrariness to

higher-order groupings that are recognized in the

Check-list, e.g. the monophyly of the orders

Galliformes and Anseriformes, supported both by

agrowingbodyofmorphological (e.g.Livezey,1997)

and molecular data (e.g. Groth & Barrow-

clough, 1999) for more than a decade, remains

unnoted. The Check-list committee would do

well to recall the earlier conservatism that rejected

the groupings by Sibley & Ahlquist (1990), one in

spiteofstrongadvocacyforadoption intotobythen-

chairperson and collaborator Monroe (1989), who

considered wholesale adoption inevitable and

piecemeal incorporation to be an unjustified delay

of modern enlightenment.

Perils of the novel but untested

The aforementioned divisions betweenmolecular

and phenotypic schools, in part, have led to poor

understanding of methods between schools and a

mutual mistrust of findings. Perhaps most trou-

bling are applications comprising multiple meth-

ods of poor familiarity and limited usage, a novel

complexity best illustrated by the statedmethods.

For example, Kennedy et al. (2000, p. 348) per-

formed a sequence-based analysis in which the

Pelecaniformes comprised both the ingroup and

outgroups, and in which data “ . . .were aligned by

eye . . .with reference to the seabird data . . . and

used the secondary structuremodel and conserved

motifs approach . . . . All gaps ofmore thanonebase

were removed . . . [and] trees were constructed

with both maximum-parsimony and maximum-

likelihood. . . . For the [latter] heuristic analysis,

the TIM substitution model with invariable sites

and among-site rate heterogeneity was selected

with the Akaike information criterion . . . . The

nucleotide frequencies, gamma shape parameter

for rate heterogeneity (with four rate categories),

substitution rate matrix (with four substitution

types). . .and proportion of invariable sites were all

estimated bymaximum-likelihood.”Whereas the

detail was comparatively impressive, justification

of these options was not, and a subsequent work

(Kennedy et al., 2005) adopted a significantlymore

complex sequence of analyses.

While it is undeniable thatnewmethods should

be explored and tested, it is doubtful that a fair

reception of such methods and resultant infer-

ences is forthcoming unless the authors accom-

pany this ingenuity with a justification for unique

mathods over the suite of established methods.

Until unfamiliar methods are subjected to careful

review, studies involving new approaches will be

viewed with caution, whereas if properly

described and justified, the new method will be

accorded the appropriate scrutiny, oversight, and
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acceptance. Without such insights, a choice to

devise new methods in molecular systematics, a

field already populated with a number of known

variations, will understandably engender suspi-

cions on the part of readers, especially those pri-

marily concerned with phenotypes.

In parallel, colleagues inmolecular systematics

reading a morphological work such as that by

Livezey & Zusi (2006, 2007) are likely to be dis-

tracted by anatomical detail and discouraged by an

absence of first-hand implementation of the con-

cepts of characters and states, let alone be in a

position to judge the propriety of ordering, weight-

ing, noncomparability, or methods of search.

Indeed, the advisability of inverse weighting of

morphological characters on the basis of relative

homoplasy – like that of third-position nucleo-

tides in sequence data – is far from decided (Golob-

off et al., 2008). This increasing specialization

among subdisciplines currently relies on an edi-

torial system for professional and uniform scien-

tific standards, i.e. publication resides in thehands

of a very few readers and participants.

PERSISTENT PROBLEMS OF AVIAN

SYSTEMATICS

Homology: foundation of phylogenetic

inference

Thetraditionalcriteria forhomologyofphenotypic

characters by Remane (1954) comprised observa-

tionalqualities (Ingilis, 1966)andfewfundamental

steps (Brower&Zchawaroch, 1996), i.e. similarity

of form, proximity of position, and phenotypic

intermediates as constituents of “primary”

homology (Agnarsson & Coddington, 2008). Two

additional diagnostic components – similarity of

function and ontogenetic pathways – also were

included in the diagnosis of homology (Wagner,

1989; Hall 1994, 1995), with recent reviews of

counterexamples and theory (Hall, 2003). Autility

for topological optimization in affirmation of

homology a posteriori (de Pinna, 1991) also was

recognized. Although the process of comparative

study leading to hypotheses of phenotypic homol-

ogy (condition of characters) and variants thereof

(state or homologue) often is inadequately treated

inmorphological phylogenetics, identification and

description of homologues is critical to the

strength of morphological study (Arthur, 1984,

1988; Wilkinson, 1991), and fundamental also to

consideration of constraints onphenotype (Arnold,

1992) and development (Arthur, 1997, 2004).

In practice, one seldom is treated to details

concerning the parallel procedures in sequence

analyses, and the problems of alignment arguably

are at least as contentious and potent as more

traditional assessments of evolutionary history.

Any application involving hypotheses of homol-

ogy and their role in the reconstruction of phylog-

eny is deserving of concern if only the analytical

options leading to the “final” or “best” inferences

are provided (Wheeler, 2003a,b). The potential for

mutual suspicions is aggravated further by the

absence of entities comparable to phenotypic

characters in molecular analyses.

Not uncommonly, higher-order phylogenetic

studies encounter phenotypic variation within

and among related characters sufficient to render

assessments of homology and assignments of

states problematic (Poe & Wiens, 2000;

Wiens, 2001), although the experience of the

author finds such difficulties to be the small

minority (Livezey & Zusi, 2006). Extreme cases

in phenotypic comparisons are named “missing

characters” (contra “missing data”) as a result of

the undiagnosability of such superimposition of

extreme apomorphy (Maddison, 1993). Compara-

ble to the analytical challenges of “gaps” in

sequence data (Giribet&Wheeler, 1999; Simmons

& Ochotereno, 2000; Ogden & Rosenberg, 2007),

in practice the only viable treatment is to code

such noncomparable conditions as the absence of

diagnosed character-states. In the latter ruling,

unknown entries and those undiagnosable by

coincidence of hyperapomorphy are analyzed

identically, allowing for parsimony-optimal sub-

stitutions to be made for both. As for a number of

practical problems (and corresponding options) in

phylogenetics of phenotypes – delimitation of

characters and states, value of taxa vs. characters,

binaryvs.multistatic characters, orderingof states
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(Graybeal, 1989; Hauser & Presch, 1991; Hau-

ser, 1992; Kim, 1996; Wiens, 1998; Siddall & Jen-

sen, 2003; Steel & Penny, 2004a, 2005) – superior

alternatives for the treatment ofnoncomparability

seem likely to be available in the near future.

Procedures by which sequences are aligned are

of enormous influence, and this class of homology

presents the analyst with the variably combined

problems of indels, transposed segments, silent

substitutions, bias in compositon of nucleotides,

and genomic segments of noncomparability among

taxa. These issues are subjected (singly or in com-

bination), at the disgression of analysts, to align-

ment by hand, a parsimony of assumed change

imposed by software, multiple alignments of

genesbycriteria forsimultaneousfits,and ‘‘dynamic’’

alignments iteratively revised (“optimized”) on the

basis of favored topological outcomes or superior

summary statistics (Hein, 1989).

The latter class of alignments –whichexplicitly

confounds hypotheses of sequence homologies

with phylogenetic inferences of relationships –

represents a worrisome circularity; a principle

recognized in lesser contexts (de Queiroz, 2000).

Distinct from manipulation of included pheno-

typic characters toward a preferred topology (de

Queiroz, 2000), or recursive weighting thereof

(Goloboff, 1993; Kluge, 1997), both share the dan-

ger of considering topologies in the inferences of

homology (Fleissner et al., 2005). The challenge of

homology and the dangers of some proposals have

led to multifactorial approaches to alignment

(Minelli, 1998).

Substandard discourse, campaigns, and

premature confidence

Scientific endeavors are replete with disagree-

ments of method and message, but systematics

historically has been peopled with specialists

more vociferous and less collaborative than

those of many other biological endeavors. Despite

notable periodical reviews of certain issues

(Hull, 1970; Sober, 1983a,b), differences of

opinion in systematics seldom engender an inten-

sification of study or syntheses, but instead are

often simply ignored, mischaracterized, ormisun-

derstood. Even progress as recognized by the broad

community simply can be dismissed and perpet-

uated by authors where considered censure is

deemed advantageous, thereby adding to the con-

flagration of real and exaggerated arguments about

methods.

Perhaps most disturbing is the proliferation of

confidence inmethod and inferencewhere there is

a undeniable lack of empirical clarity, as if the

competition of theory and evidence is at times

supplanted by head counts and bravado. Also dis-

tressing is the apparently insatiable hunger for

new and previously unproposed groupings (Live-

zey & Zusi, 2007), an inclination paralleled by the

relative disinterest shown by some where

new evidence or analysis are merely confirmatory

of accepted groups (e.g. Mayr, 2007), as if any

aspect of avian phylogeny is beyond question.

Critical importance must be afforded to the

independence among alignment, topological

search (Simmons, 2004), and choice of model

(Anderson, 2008).

Long-branch attraction and combinatorial

implications

“Long-branch attraction” principally is a problem

for molecular data – wherein states are limited to

the same fourunordered alternatives per character

– chance coincidence of states between lineages

inferred to have undergone protracted terminal

augmentation being a realistic expectation.

Chance repeats of sequences in “long branches”

are considered to lead to the homoplasious attrac-

tionof lineages in the repeats in theserial throwsof

the four-sided die of nucleotides, although con-

cerns vary (Siddall & Whiting, 1999). Sequence

data differ from phenotypic characters in this like-

lihood in that phenotypic characters do not share

the same four alternatives (i.e. “attraction” by

repeated series resulting from sequential trials of

a four-beadurnwith replacement). Circumstances

both conducive and robust with respect to long-

branch attraction exist (Siddall & Whiting, 1999),

but a growing consensus among those working

with sequences advocates minimizing long
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branches throughmore intensive sampling of taxa

(Wilson, 1999; Slack et al., 2007).

In the case of “long branches” of phenotypic

changes optimized as autapomorphies, the feasi-

bility of attraction or homoplasy can in some

instances be dismissed a priori. For example, in

a prior analysis of gruiform birds (Livezey, 1998), a

truly remarkable gruiform genus Aptornis was

resolved to be extremely apomorphic, reflected

by a very long terminal branch in the global

tree. However, a criticism of its placement in

the tree was leveled on the basis of the notorious

potential of “long branches.” An examination of

the “long branch” in question revealed that it

almost entirely comprised apomorphies unique

to the ingroup and (in some cases) all of Neor-

nithes, thereby precluding a pseudo-affinity

between lineages on combinatoric grounds.

The importance of autapomorphy differs

between molecular and morphological contexts.

In morphological studies, genuinely autapo-

morphic states can be deemed so a priori, and in

many cases are determinable (within error of iden-

tification or diagnosis of homology) prior to anal-

ysis. In the molecular context, given the

limitation of possible states to four, a priori

uniqueness is seldom if ever demonstrable, and

autapomorphies are limited to changes in state

inferred by assignment to terminal branches a

posteriori considered to be optimal. Hence while

it is not uncommon for molecular systematists to

advocate complete exclusion of autapomorphies

(under parsimony), especially in light of a coinci-

dent apprehension concerning “long branches,” it

is justifiably treated as topologically uninforma-

tive (neutral)while being evolutionarily insightful

in many cases (e.g. Livezey, 2003), and improve

comparability of trees and evolutionary rates

(Leman, 1965; Omland, 1997).

Laxity concerning outgroups and rooting

In recent decades, especially among those practic-

ingmolecularmethods, it has become fashionable

to offer variably plausible stories of common life-

historical characteristics, shared selection

regimes, and convergent form in those instances

where a dismissal of a contrary morphological

inference is more convenient than even a tempo-

rary admission of uncertainty for ones own find-

ings. Notable examples in the ornithological

literature pertain to waterfowl, one of the first

avian orders subjected to intensive phylogenetic

study (e.g. McCracken et al., 1999). An hypothesis

of polyphyly of ratites indicated by sequence data

from at least one nuclear gene (Harshman et al.,

2008; but see Omland, 1994, 1997) – essentially

limited to linking Tinamiformes with sympatric

Rheiformes among other, morphologically diverse

ratites – apparently is contradicted with evidence

from virtually homoplasy-free molecular short

interspersed repetitive elements (SINEs; Ray

et al., 2006) as well as morphological data (Livezey

& Zusi, 2006, 2007). This dispute is likely to

remain contentious, in part because it is condi-

tional on specific genes and the potentially

white-noise provided by a crocodylian outgroup.

An insight into the effect of ancient outgroups

might be provided by comparing topologies of the

adjacent ingroup (Galloanserimorphae) using both

Caiman and a tinamou as alternative outgroups.

Molecular systematics of higher order, espe-

cially that of basalmost relationships of birds,

are compromised by a common, critical impedi-

ment to informative polarities – the closest extant

relative ofmodern birds being the Crocodylia (pre-

Theropodan origins among Archosauromorpha),

with nodes separated by approximately 25Myr in

the Middle Triassic (Carroll, 1988). During this

protracted period of evolutionary change, sub-

stantial, largely undetectable transition and

transformation of nucleotides and concatination

of indels in the dinosaurian branches leading to

Neornithes are virtually certain, and silent and

multiple substitutions may asymptotically

approach the white noise of throwing four-

sided (nucleotide) dice.Most systematists reliant

on this dubious rooting standard typically fail to

mention this shortcoming or plea that as the only

available means, acquiesconce is justified.

An outgroup of unsuitable antiquity is likely to

be historically uniformative and subsequent

assemblages of ingroup members are essentially

phenetic; optimal solutions with respect to the

effectively random initial “signal” have ramifica-

tions for an indeterminate span of the resultant

126 BRADLEY C. L IVEZEY



tree and are at least as important as other analyt-

ical options (e.g. evolutionary models, para-

meters). To decry such concerns as exaggerated

is tantamout to the claim that outgroups are of

little importance, or requires the unfounded pro-

posal that the genes used were so conservative for

sequence data to manifest extreme convergence

since the divergence of the outgroup (e.g. Croco-

dylia) only to begin to evolve informative changes

ca. theK–Pgboundary, at thebase of the ingroup (e.

g. Neornithes or Neognathae). Although the Cro-

codylia are considered the only outgroup remotely

suited for rootingNeornithes bymolecularmeans,

it is sufficiently defective so as to prompt the

proposal of the turtles (Testudines) as a better

outgroup for birds (Garc�ıa-Moreno et al., 2003).

It is obvious, however, that resorting to the Cro-

codylia would not serve well for purposes of mor-

phological investigation. Inasmuch as polarities

and directionality of change is central to phyloge-

netic (as opposed to phenetic) techniques, without

a reliable outgroup, what inference can be trusted

where outgroups require assumptions of optimal

heterogeneity of evolutionary rates? The absence

of an alternative outgroup for sequence data is

undeniable, but has no logical bearing on the

problem of reliability of initial conditions

employed in the analytical process.

Avian systematists working on molecular data

are not alone in the challenge of finding a sound

root. Although fortunately in the minority, some

paleornithological systematists depart from the

use of outgroups for purposes of rooting in the

analysis of fossil and modern taxa, and some do

so for reasons suggestive of prior preferences. For

example, Mayr & Clarke (2003) repeatedly offered

local argumentation of polarites instead of direct

rooting by outgroups. Of course, use of a hypo-

thetical ancestor represents an opportunity for

wholesale replacement polarities of outgroups

with those of intuition.

“Form follows function” trumps “phenotype

follows genotype”

Amidst the current politics and empirical dissen-

sion of modern systematics, two aphorisms

typically are assumed but expressed singly, but

nevertheless both are central to natural selection

and evolutionary change (Endler, 1986). More-

over, both processes are supported empirically,

i.e. both genes (instructions) and phenotypes (pro-

ducts) probably deserve serious consideration

with respect to departures from neutrality of

change by selection, convergence, and interde-

pendence. This state of affairs is surprising in

that the great majority of currently active sys-

tematists were educated within a fundamental

evolutionary paradigm that can be simplified as:

(i) phenotype being the joint product of genotype

and environment, (ii) natural selection acting on

the resultant phenotypic characters, (iii) selection

acting on comparative success of phenotypes and

their genotypic bases, (iv) differential transmittal

of the genes through the stochastics of this phe-

notypic competition (and chance), (v) phyloge-

netic lineages undergoing evolutionary change

through generational repetitions of this process,

and (vi) these lineages reflect these trends through

time in variation tractable for purposes of histor-

ical reconstruction.

At what point in this process is it implied that

an immunity of genes and their constituents to

selection driving directional change, stabilization

of frequencies, reversals, and convergence among

lineages pertains, a notion widely assumed in

many phylogenetic circles? The implicit contra-

diction attending much of molecular phyloge-

netics – that selection for functional optima

(and to a lesser degree environmental interactions

during ontogeny) alter modal form while not

noticeably tainting the genome involved with

such refinements for historical reconstructions –

has not been logically reconciled or empirically

demonstrated.

This disparity is confounded by analytical

assumptions required for methods employed by

systematists. For example, independence of evo-

lution in (i) different lineages and (ii) at different

sites on a tree is assumed for numerical solutions

of MLE (Felsenstein, 2004), while under the crite-

rion of parsimony no such assumption is made.

The latter does not make parsimonymore vulner-

able to the bias of inderdependence among sites

and lineages, but simply frees the criterion from
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arguably unrealistic assumptions concerning

underlying evolutionary patterns. In MLE of

sequence data, realism of these assumptions is

jeopardized by hierarchical relationships among

lineages, multigenic selection, and constraints of

genomic architecture.

Most critical is the recognition that choice

between products of duplication (DNA) and trans-

lation (phenotype) is essentially one of scale and

reductionism of the historical signal sought. Nat-

ural selection and mutation exert change in both

currencies, and the unjustified pardon granted

molecular methods from the obsession with con-

vergence seems more a reflection of our inade-

quate knowledge of selection acting on the

genome, one precluding easy speculation and con-

trivance of evolutionary scenarios.Although com-

plexity of characters may pose challenges of

diagnosis, such complexity likely holds a greater

richness of signal and potential continuity of

transformation among states, both of special

importance to recovery of deep history.

Rejection of selection-related (convergence)

scenarios as legitimate argumentation ismistaken

by some as a dismissal of natural selection and its

role in evolutionary change. Instead, the criticism

simply turns on the implication that such selec-

tive change does not justify the quasi-Lamarckian

assertion that “form follows function” or

confirm an omnipresence of “convergence” and

“parallelism” as the basis for similarity of form in

lineages sharing aspects of life history (Codding-

ton, 1994; Arendt & Reznick, 2007). Systematists

whose fear of being misled by convergence

approaches paranoia, often merely extol the obvi-

ous, that common circumstance vies with com-

mon ancestry as the basis of shared characters of

the phenotype.

Fossils: contributions, folklore, and

peculiarities of perspective

Paleontology has been considered as an indespen-

sible source of evolutionary insight, the most

celebrated objective being the discovery of fossil

“links” among taxonomic (especially higher-

order) groups of otherwise obscure origins (e.g.

Olson&Feduccia, 1980).An important realization

concerning the role of fossils in phylogenetics was

that geological age does not correlate necessarily

with the primitive status of the taxon, but only an

estimate of the earliest date of its extinction –

characters, not strata, informpolarities (O’Keefe&

Sander, 1999). Also of renewed concern are the

analytical implications of the abundance of miss-

ing data typical of fossils. Although fossils can

augment modern groups with long-extinct mem-

bers and can shed light on the ancestry of modern

taxa through inclusion in phylogenetic study, the

provision of critical “linkages” between problem-

atic modern groups is at best uncommon and of

vastly different importance among taxonomic

groups. Of lesser phylogenetic importance but

significant evolutionary interest are fossil mem-

bers of groups completely unknown by neontolo-

gical means.

The phylogenetic relationships of birds have

been illuminated greatly by a burgeoning wealth

of Mesozoic fossils – taxa largely bearing on pre-

Neornithine roots. Until the early 1990s, Archae-

opteryx was the only fossil taxon that provided

any understanding of the phylogenetic transition

between basal Archosauria and Aves, whereas

other breakthroughs – e.g. among Anhimidae,

Anseranas, Anseriformes, and Galliformes –

were achieved through study of modern taxa,

both using morphological (Livezey, 1997) and

molecular data (Groth & Barrowclough, 1999).

At ordinal scale, the Neornithes are undergoing

substantial resolution by both means, although

points of disagreement remain (Livezey &

Zusi, 2007).

An important source of confusion in paleophy-

logenetics derives from the different views of the

diagnosability and likelihood of recovery of direct

ancestors to one or more modern taxa among

available fossils in a given ingroup (Wiley, 1981).

Avoiding for the present “stem” and “crown”

groups in vogue among paleornithologists, ances-

tral status is equivalent to diagnosed inclusion in

the paraphyletic group (grade) subtending the
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corresponding, often modern “crown” (terminal)

clade (Kemp, 1999). Fossils are indeed extinct

members of clades enlarged thereby, but the phy-

logenetic significance of these taxa ranges from

negligible to critical, and has no claim of superi-

ority over neotological evidence.

The assumption that fossil members are ple-

siomorphic relative to modern relatives is now

recognized to be possible in some cases but

unfounded in general a priori (Kemp, 1999). The

expectation of plesiomorphy seldom is demon-

strated empirically to the extent that fossil status

reliably informs decisions of local polarity or

ordering of states. However, the latter two notions

persist in the literature of avian systematics, and

to the extent that the latter assumptions influence

analyses, the price of such oversimplicity of age

may be significantly higher than any of the

intended benefits.

An unnecessary and unfounded practice too

commonly employed in phylogenetic analyses of

fossils is the culling of characters not represented

in most or all of the fossil taxa that are the prin-

cipal focus of a given analysis. Recent examples of

the truncation of character information to those

features present in the fossils, the latter typically

the lowest common denominator for characteri-

zation, include many analyses involving descrip-

tions of Mesozoic taxa. The practice is especially

obvious where the same author analyzes different

fossils from the same locality and age based on

matrices of significantly different reductions from

those typical of modern relatives (Bourdon, 2005;

Bourdon et al., 2005; Chapter 8, this volume).

Whereas this approach often is advocated as a

means of reducing the burden of missing data,

such a priori delections weaken the inferred rela-

tionships among modern taxa included in the

analyses, thereby undermining the entire study

for fossil andmodern taxa alike. Such deficiencies

are worsened where resultant inferences are

extrapolated to recommendations regarding the

modern taxa and related clades thereof.

The traditional folklore that elevates the per-

ceived importance of fossils in establishing

higher-order relationships is intimately related

to the rarely deserved appelation “missing links”

(Cracraft, 1972). The modifier “missing” conjures

a perception of discovery, and “link” implies a

critical role in resolving relationships between

groups and novel evolutionary leaps (Cra-

craft, 1979), a combination first popularized

with respect to the pongid affinities of hominids.

Also, there is an unjustified fascination attached

to fossil taxa considered to be “mosaics” of ple-

siomorphies and apomorphies. However, such

mixtures of apomorphy and plesiomorphy are log-

ically unavoidable for all taxa under independent

evolution of characters and heterogeneity of evo-

lutionary rates among phylogenetic lineages, and

fossils provide no new insights or confirmation of

evolutionary processes of the kind (Livezey &

Zusi, 2007). This criticism does not pertain to

the different emphasis on the “mosaicism” or

functional modularity of characters, which

instead refers to organization of data matrices

with respect to evolutionary interrelationships

of characters that evidently holds promise for

better fits of models for phylogenetic trends in

character complexes (von Dassow &

Munro, 1999; Kim & Kim, 2001; Clarke &

Middleton, 2008).

In sum, fossils enrich our knowledge of evolu-

tionary diversity and in aminority of cases provide

critical information where modern taxa fail to

reflect phylogenetic episodes or transformation

of characters. Enrichment of taxa by fossils creates

new problems challenging to phylogenetic resolu-

tion (e.g. Dromornithiformes, Phorhusraciformes,

Gastornithiformes, Diatrymiformes, and Aptor-

nis), and uses of fossils to narrow gaps in our

phylogeneticunderstanding (e.g.Sinosauropteryx,

Archaeopteryx, Confuciusornis) are critical but

rare. On the other hand, modern taxa can provide

critical phylogenetic links where a considerable

fossil record for the group(s) either was uninfor-

mative or misleading (Livezey, 1997), and the

morphofunctional diversity represented by mod-

ern taxa is beyond dispute. The typical negative

characteristics of fossils are: (i) comparatively poor

preservation; (ii) inaccessibility toDNAsampling;

and (iii) extinction.The single advantageunique to
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fossils is that, if stratigraphically known, they

provide point estimates of minimal ages of diver-

gence for the lineages represented (Foote &

Raup, 1996), and under some circumstances this

can contribute to estimates of confidence

intervals (Burbrink & Pyron, 2008).

Paleomorphological and neomolecular

marriage of convenience

Amidst this proliferation ofmethods and theory, a

peculiar marriage of methods was born. In a dis-

cipline to which cooperation among schools

should qualify as a godsend, this union is rooted

in the less desirable of motives. Among those

molecular systematists who hold that the signals

encoded in gene products (phenotypes) are unreli-

able, an “exception” is often accorded fossils,

most recently for calibration of age (Scotland

et al., 2003; Hedges & Maxson, 1996; Givnish &

Sytsma, 1997). Even the most egregious of critics

of morphological evidence (e.g. van Tuinen, 2005)

grudgingly admit to a utility of those applications

permitting the use of fossils to calibrate

absolute time in molecular trees (Benton &

Donoghue, 2006).

The perception that morphological and molec-

ular data are of predictably different reliability,

however, has encouraged some systematists to

seek a niche that purports to serve the best of

both classes of evidence. Although broadly foun-

dational to the limited collaboration in which

paleomorphological inferences are applied to neo-

molecular trees (see below), this partial coinci-

dence of aims also has motivated biased surveys

with the objective of pseudoconfirmation of

molecular inferences. In this new protocol of

“ambulance-chasing,” an explicitly biased survey

of characters among select groups of taxa is per-

formed to discover morphological features appar-

ently consistent with the molecular inference in

favor (e.g. Mayr, 2002, 2004). Such prejudial sur-

veys intended to fit favored molecular inferences

often depend predominately or solely on fossils

(Mayr, 2007), a perpetuation of the supposed

importance of fossils and an apparent belief that

anatomical characters improve with geological

age and rarity. Unfortunately, in terms of reason-

ably objective analysis of characters and accept-

ably broad sampling of taxa, such exercises are not

phylogenetic analyses and do not constitute inde-

pendent affirmation of any group. This process is

especially intractable where modern and dubi-

ously related fossil taxa are assembled for the

purpose of finding characters suggestive of the

favored taxonomic group or a higher-order

“linkage” (e.g. Mayr, 2002, 2003, 2004).

Perhaps least appreciated among narrowly

defined disagreements of large-scale works is

that each dichotomy in a tree is a virtually inex-

tractable part of a highly interrelated, mutually

constrainedwhole, and the small topological point

of comparison typically imposes ramifications

throughout much of the total tree. This seldom-

conceded issue can be ameliorated by use of opti-

mization procedures that hold the remainder of

the tree unchanged while the point of interest is

manipulated (shift of a branch in otherwise

unchallenged topology, e.g. by movement of a

single branch in MACCLADE; Maddison & Maddi-

son, 1992). This differs greatly from the exercise in

which the entire tree is subjected to further

searches while examining the “cost” of a given

dichotomy of contention (e.g. constrained

searches in PAUP – Phylogenetic Analysis using

Parsimony).

Slow, uniform rates of morphological change –

the “strawman” of punctuationalists (Eldredge &

Gould, 1972; Stanley, 1979) – are not consistent

with mechanisms known to influence morpho-

logical macroevolution. In the face of growing

counterevidence, however, assumptions of

“clock-like” molecular change persists. At the

other extreme, where molecular inference fails

to resolve relationships, the literature is rife

with ad hoc pleas of rapid radiations for short

internodes or pulses of evolutionary change

related to diversification, assumptions especially

dangerous given the imprecision of fossils as

benchmarks of evolutionary rates.

Perhaps the most confusing and potentially

misleading of this clan are those trusting virtually

all molecular inferences accompanied a posteriori

by searches formorphological characters argued to
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be consistent with the groupings. These efforts

appear to seek co-evidentiary groupings by accept-

able empirical means and to please almost every-

one. Unfortunately, the original bias concerning

molecular veracity typically leads to biased sam-

pling of taxa and characters, the most egregious

being one-sided lists of characters that appear to be

congruent (phenetically)with themolecular infer-

ences already assumed valid, a one-sided pretense

that is especially deficient where fossils are

involved. Mayr (2004) performed a biased search

for agreeable characters among selected taxa that

were marshaled in combination with fossil-based

scenarios to corroborate the recent, tenuous

grouping of grebes (Podicipediformes) with fla-

mingos (Phoenicopterygiformes) on molecular

grounds. Where the purportedly uniting charac-

ters are accurately described, these exercises con-

stitute attempts to reassure opinion where

evidence is contradictory, and fail even the most

minimal of investigational standards.

This approach is not a tandem study of taxa by

different means, but instead morphological meth-

ods are limited to fossils whereas modern taxa are

analyzed by molecular means. A subtle misfor-

tune of this duplex ofmethods is thatmodern taxa

are far more amenable to complete morphological

characterization, anduse ofmorphological criteria

for fossils depends on a sound, independent or

combined morphological analysis of modern

relatives. The offspring of this methodological

marriage comprises molecular systematists reluc-

tantly salvaging what is revealed by fossils for

purposes of calibrating dates on otherwise molec-

ular phylogenies, or morphologists plying a trade

in which they have dubious commitment and

doing so with the most difficult of taxa, those

known solely from fossils.

Unintuitive phylogenetic groups and the

limits of credulity

Despite aminority status of formalmorphological

phylogenetics, it is virtually indisputable that

systematists admit to morphological homology

of some features andcertainphylogenetic relation-

ships a priori. Formal analysis of characters and

inferences of homology and relationships aside, it

is worthwhile for systematists to consider their

confidence or doubts in particular traditional

groupings. While it seems unlikely that there is

a phylogenetic systematist alive who doubts the

broad homology or informativeness of feathers,

beaks, and wings among extant birds, and the

spatulate bills of ducks appear unquestioned as

homologs among Anseriformes (contra Olson &

Feduccia, 1980), confidence in the proposed

homologies of Neornithes and subgroups thereof

is distinctly less common and subject to increas-

ing doubts.

Somecharacters ofhistorical importance – acar-

inate sterna, abarbulate pennae, and lateral pro-

cesses of the sternum – stand at the margin of

general reliability. Characters for which the con-

stituency in support of homology and historical

veracity merit objective evaluation are more

numerous, but the critical nature of many of

these to phylogenetic hypotheses calls for their

continued evaluation from the perspectives of

ontogeny, comparative anatomy, and phyloge-

netic pattern. As explicit contradictions between

inferences made by morphological and molecular

means arise (e.g. Fain & Houde, 2004) and with-

stand definitive evaluation, the importance of

objective comparison and bases for trust in char-

acters, both molecular and morphological, is

paramount. The relevance of such introspection

is exemplified by the surprising advocacy won

by the biased phenetics of Lignon (1967) that

weakly suggested a close relationship between

storks (Ciconiiformes) and New World vultures

(Cathartidae).

The horizon of confidence and disbelief

becomes less clear when entire data sets stand

in the balance, especially where classes of evi-

dence or methods of analysis differ in concert.

An understanding of the inclinations of research-

ers toward inferences of diverse implication can-

not but facilitate the reasoned integration of

multiple views toward a convergence on the sin-

gle, true history of avian phylogeny. At the pin-

nacle of the work, the proposals by Sibley &

Ahlquist (1990) tested the stands of systematists

differing in prior information and personal
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investment in phylogenetics. Such points of con-

troversy are too numerous to list here, but the

positions of the Turnicidae, Piciformes, and eclec-

tic Ciconiiformes fueled many early doubts

regarding the work in the absence of definitive

and formal analyses to the contrary at the time.

Properties of estimators: importance,

confusion, and tactics

A welcome addition to the literature of phyloge-

netics has been an increased attention to the sta-

tistical qualities of estimators and corresponding

parameters, and the relation between these on

analytical approach (Gascuel, 2005). Accuracy

(proximity of expected value of estimator to

parameter, difference being the bias), precision

(dispersion of estimates about parameter among

samples), consistency (asymptotic convergence of

estimator to parameter with increasing sample

size), efficiency (minimal error of estimate of

parameter with increasing sample size), robust-

ness (resilience of estimator to departures from

assumptions), and sufficiency (use of information

relevant to parameter by feasible estimator) are

generally considered most relevant to systema-

tists. A property of estimators less frequently

noted but virtually synonymous with efficiency

is power (precision relative to sample size).

Clearly, most of these qualities of estimators are

interrelated to varying degrees in practice, e.g.

precision, efficiency, and power tend to be directly

related. However, confusion between distinct

properties also persists, e.g. accuracy (related to

mean estimates) and precision (variance of esti-

mates) can be virtually independent but are often

confused. These qualities are relatively straight-

forward and critical to understand, but confusion

persists in real-world applications.

A subtly complex examples one germane to

both the terminology of estimator and to the lack-

luster record of analyses of combined data,

attempted a consensus regarding phylogeny of

modern Charadriiformes. Thomas et al. (2004, p.

28) noted “that the supertree is generally more

consistent with molecular data (both recent

sequence studies and DNA–DNA hybridization)

than analyses based onmorphology.However, it is

of course possible that this reflects the greater

number of molecular source trees [29 of 51] avail-

able rather than indicating thatmolecular data are

[sic] actually better at resolving shorebird phylog-

eny [emphasis added].” The inclusion of both the

phenogram of Sibley & Ahlquist (1990) and the

related classification by Monroe & Sibley (1993)

twice tainted the source trees by its exclusion as

phenetic, and thesewere theonly sourcesvirtually

complete to species level. The unfortunate use of

the term “consistent” sensu similarity, the bias in

“available” source trees (worsenedbygenes shared

among studies), and the vague expression of

“better at resolving,” shows that the authors

have confused the closer resemblance of the super-

tree to theirmolecular source treeswith the likely

accuracy of molecular methods. The most favor-

able proposal suggested regarding molecular

methods by this outcome is that the estimators

employed produced estimates more similar to

each other (especially with indeterminate sharing

of data) than the estimators used for morpholog-

ical data. Nothing can be inferred regarding rela-

tive accuracies of data types based on this exercise.

In addition, if the same suite of estimators were

used for bothdata types, onemight be able to gain a

vague sense of the comparability of the estimators

with respect to the two classes of data.

With respect to consistency sensu statistical

estimators, cases have been made that a given

estimator or criterion may not qualify (Faith &

Cranston, 1991, 1992; Forster & Sober, 1994), and

some have argued that this alone relegates the

estimator substandard to an alternative that is

consistent. Given the inaccessibility of truth in

real-world applications, such assertions generally

turn on simulations and philosophical exchanges,

which for the parsimony criterion has proved

inconclusive (e.g. Farris, 1999; Huelsenbeck &

Lander, 2000). Unfortunately, it remains to be

demonstrated that in practical contexts and sam-

ple sizes, consistency is a critical property of topo-

logical estimators and alone may preclude its

reliable use (Steel et al., 1993). For example, the

performance of estimators (and magnitudes of

differences) under realistic sample sizes with
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comparable data remains an essential but

unknown issue among phylogenetic estimators,

whereas approach to truth at the limit as sample

sizes approach infinity is of lesser relevance.

Parsimony: philosophical pedigree and

simplicity vs. realism

The philosphical germ of parsimony is simplicity

(Kluge, 2005), and in cladistic contexts it has

principally served as a criterion of optimization

in which trees of maximal simplicity (minimal

lengths)were considered optimal, althoughhomo-

plasy is recognized as comprising both evidence of

mistaken homology and a source of topological

stability (Givnish & Systsma, 1997; K€allersjo

et al., 1999) and patterns of homoplasy pose pro-

blems of comparison across studies (Sanderson &

Donoghue, 1989, 1996). Most cladists working

with phenotypic characters viewed parsimony to

be a criterion for minimization of tree lengths and

the additional steps or ad hoc changes that such

augmentation entails (Goloboff, 2003). Attacks in

recent years against the parsimony criterion –

including consistency, Popperian perspective on

evidence, and thepurported importance forapriori

evolutionarymodels – have been advanced largely

by molecular systematists (e.g. De Laet, 2005;

Faith 2006). Defenders of parsimony, however,

have countered all criticisms, in the contexts of

both molecular and phenotypic data (Farris,

2000, 2008).

In practice, searches for minimal tree length

invariably approximate those for minimal homo-

plasy,andthetransformationsofcharactersinsuch

optimal trees imply apost-analytical hypothesis of

homology and evolution; this capacity can be

employed with pre-analytical interpretations in a

dynamic approach to the determination of homol-

ogy (Ram�ırez, 2007).Whereasmost applications of

parsimony in phenotypic contexts have performed

to theexpectationsofmorphological practitioners,

thecriterionmetwithlessacceptanceamongthose

analyzingDNAsequences.However,most in both

camps employ criteria of parsimony in various

ways, e.g. adoption of the least complex model of

comparable explanatory power or the parsimony

implicit in sequence alignment (Anderson, 2008).

Still others defend the comparative explanatory

power of parsimony (Farris, 2008).

Some detractors of parsimony consider that it

doesnot assumeaprobabilisticmodel of evolution

or that the criterion is not intrinsically related to

the evolutionary process, some consider parsi-

mony equivalent to a model of “minimal

evolution” (Rzhetsky & Nei, 1993; Penny

et al., 1994; Gascuel, 2000; Steel & Penny, 2000;

Denis & Gascuel, 2003), and still others condemn

it by the claim that parsimony actually is a model

of evolution but is burdened by an exorbitant

number of implicit parameters (Felsenstein, 2004).

Although for a given data-set the search for min-

imal steps or change is consistent with this view,

the terminology incorrectly implies that those

using the parsimony criterion are limited by a

preconception that evolutionary rates and changes

are rare, whereas the method only seeks a mini-

malist explanation for data sets characterized by

any of a range of evolutionary rates. Moreover,

although parsimony favors topological solutions

at least as efficient (i.e. of minimal homoplasy) in

the explanation of characters among lineages

(other parameters being equal), it is virtually rou-

tine to consider “suboptimal” or implications of

longer topologies in such studies (Sober, 1983a).

Sequencedata – inwhichnumbersof base-pairs,

a serial (sub)structure of codons, and limited con-

cerns about selection – were relatively suited to

probabilisticmodeling. This soon led to a favoring

of alternative methods to optimize topologies,

notably maximum-likelihood (Severini, 2000)

andBayesianmodels (Felsenstein, 2004;Ronquist,

2004).Nevertheless, systematists persuaded of the

philosophical and practical advantages of maxi-

mumparsimonycontinue toholdavirtualmonop-

oly on the phylogenetics of phenotypic (discrete)

characters (Felsenstein, 1973; Goloboff, 2003),

and this schizm in methods has intensified the

nonconstructive estrangement between many

morphological and molecular systematists.

Such comparative use of different methods –

e.g. philosophical perspective of parsimony vs.

statistical models of maximum likelihood – is a

natural and generally constructive process in
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scientific fields (Felsenstein & Sober, 1987;

Sober, 2004). However, it seems likely that prob-

abilistic models refined for discrete (including

morphological) characters will be available soon,

permitting more direct comparisons of classes of

data. For example, evolutionary models for phe-

notypes have been the topic of informal discussion

in the systematic literature for decades. Refine-

ment of such ideas into statistical language (John-

son et al., 2005) – e.g. null models for numbers of

state-changes (Geeta, 2003), elucidation of under-

lying processes (Fusco, 2001), combined with

empirical estimates of invariance and ordered

states in morphological characters – seem well

within the feasiblity of present-day systematists

should such methods prove preferable and are

critical to phylogenetic perspectives on develop-

ment and allometry (Klingenberg, 1998). The pau-

city of such details is not an unavoidable

characteristic of morphological data, but instead

reflects the view that such topics were not vital to

phenotypic phylogenetics.

The preference for model-based analyses

instead of those based on global parsimony is not

a simple difference of interpretation. Most impor-

tantly, the parsimony criterion does not entail the

supposition and numerical comparison of a spe-

cificmodelof evolution, aprobabilistic framework

by which assumed (null) and empirical estimates

of parameters permit comparisons among models

and optimization of parameters so as to fit a tree to

a data set by means of branch lengths (Felsen-

stein, 2004; Gascuel, 2005). The key worry in

the latter approaches is the assumption of realism

or requirement of such models employed to para-

metrically fit a tree to the data (Brower, 2000),

although there is concern regarding the use of

likelihood ratios for selection ofmodels in general.

As for the predicted use of such methods for phe-

notypic inferences, the optimality of phylogenetic

estimates is constrained by the realism of the

model chosen (Cunningham, 1998), and criteria

of choice donot enjoy confident consensus.Unfor-

tunately, certainty of the underlying model is as

unattainable as the real or true phylogeny.

Interpretability is a strong advantage of parsi-

mony-optimized phylogenetics, at least with

respect to patterns and plasticity of individual

morphological characters among branches and

clades. The groupings defined by maximum-like-

lihood or Bayesian optima are thought to represent

natural (monophyletic) groups, butmaynotmean-

ingfully be equivalent to clades. For example,

there is an inability to identify specific characters

and changes thereof on branches in probabilistic

models, a significant disadvantage for most mor-

phologists, especially those with a strong interest

in evolutionary patterns of specific characters

within phylogenies. For the present, however,

this inscrutability of trees optimized by likeli-

hoods is of limited concern in that most such

analyses pertain to sequence data, the latter sel-

dom subjected to patterns of change in single

nucleotides or codons, the latter an aspect of the

same disinterest that protects most sequence data

from speculations of convergence.

These two basic approaches to phylogenetic

reconstruction are employed in tandem by some

attempting calibrations of geological ages on phy-

logenetic hypotheses. Phenotypic phylogenies,

typically inferredwithin the parsimony paradigm,

form the basis for referral of fossil taxa to modern

groups. The fossils, for which an estimate of geo-

logical age is available, then serve as points of

calibration in trees typically based on likelihood

models and molecular data and for which some

hazard assumptions concerning the passage of

phylogenetic time.

Evolutionary models: criteria of selection and

influence

In addition to variable scale of primary structure

(e.g. sequences of nucleotides collectively and by

position, codons, and amino-acid equivalents),

additional attributes of the genome have been

deemed phylogenetically informative. Intuitively

cause for optimism, this diversity of signal is too

frequently treated in terms of the favorabilitywith

which the phylogenetic inferences are viewed by

authors. There is amarked paucity of explorations

of the effects ofmodels, parameters ofmodels, and

class of data on resultant inferences in real con-

texts. This glib simplification of method
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represents an extensionof a traditionof terse state-

ments of methods in which presented trees were

inferred, while explorations of the effects of alter-

native models, selection of genes, method(s) of

alignment, treatmentofthird-positionnucleotides

and gaps, relative influence accorded indels and

SINEs, and the class and parametric specificity of

models employed were not outlined or discussed.

In the face of criticism of the comparatively

direct optimization of phenotypic change under

parsimony, such brevity not only contributes to

confusion of nonspecialists but has raised suspi-

cions on the part of morphological cladists. It

seems inescapable that some such cases involve

less than optimal analytical design, and at worst

this area of homology and modeling, especially

where standards of detail and justification are low-

ered,providesanominousopportunityforerrorand

abuse.Theseconcernsareworsenedbytheeasyuse

of software and varying fashions of analysis with-

out obvious justification in the literature.

ARE COMMON GOALS AND CRITERIA

FEASIBLE?

For those committed to the reconstruction of phy-

logenetic history, it is apparent that these sys-

tematists are convinced not only of the

feasibility of reaching the goal, but that these

committed systematists typically favor one class

of evidence over others in pursuit of this common

goal. As to feasibility, consistency and detail of

inferences to date fall short of resounding affirma-

tion of this hope. Perhaps more sinister is the

possibility that the various classes of evidence

or signal bearing on phylogenetic history – nucleo-

tides or products thereof –may not encode reliable

history or provide adequate geological ages for

other evolutionary aims to be achieved (Ziman,

1978; Lake, 1997; Yang, 1997). There is no logical

basis for the assumption that the mode of genetic

inheritance or its expression necessarily evolved

in amanner permitting accurate retracing of biotic

history. Moreover, whatever the potential for the

genome and its phenotypic expressions for phylo-

genetic inferences, it is painfully clear that the

falsifiability described by Popper (1963, 1968,

1972) and associated concepts of corrobration (de

Queiroz&Poe, 2001, 2003) represent the best to be

hoped for phylogenetic hypotheses (Ruse, 1979).

The truth of biotic history, for reasons of philos-

ophy and practicality (e.g. unrecovered fossils),

remains a goal toward which we toil but we will

never knowingly achieve.

Consequently, a mathematical exposition of

the feasibility of this goal, and the relative and

absolute richness of recoverable signal of available

evidence, is overdue. This exercise is not straight-

forward, but involves statistical properties and

historical signal by class of evidence. Moreover,

comparative assessments would entail defensibly

objective tests between the potential signal of

phenotypic signatures and of sequence data (var-

iably long and unpredictably edited “sentences”

composed of tri-nucleotide “words” coding semi-

redundantly for amino acids), and for which nei-

ther class (phenotypic and molecular) is ade-

quately understood regarding mutability,

alteration of content, or antiquity.

As was discovered at the onset of statistical

modeling for systematics, sequence data were

numerically better suited for probabilistic analysis

and fitting of models. Morphological characters

and states are not amenable to direct integral

tallies and combinatorial inferences, but instead

require the development of a common method of

characterization and symbolismbefore probabilis-

tic modeling can begin. Although this primary

phase may seem prohibitive, distributional gener-

alities certainly can be estimated by a sample of

character analyses performed by common and

accepted methods. Attention to frequencies of

phenotypic invariance is especially critical for

comparable uses of combinatorics and probabilis-

tic theory in molecular and phenotypic realms.

Unfulfilled promise of “total” evidence and

supertrees

“Just how difficult will it be to build a comprehensive

avian Tree of Life (ATOL)? Several observations suggest

that it will be extremely so. First, there are about 20,000
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nodes on the extant avian Tree of Life. Fossil taxa only

add to that number.” – Cracraft et al. (2004, p. 484).

As illustrated by the well-intentioned effort by

Thomas et al. (2004), hopes held out for a genu-

inely holistic, “total-evidence” reconstruction,

one robust by diversity and testing of methods,

have not been met (Baum, 2004; Kluge, 2004).

Reasons for this failure are several. Perhaps

most pervasive of the impediments among some

investigators is a disinterest, or unwillingness, to

compromise their findings and contaminate their

data with those of fellow systematists, and

accepted practices are lacking even where the

combined data are limited to different genes. A

viable alternative with comparable aims to “total-

evidence” methods is a formal protocol for com-

paring inferenceswhilemaintaining individuality

of studies, or “meta-trees” (Nye, 2008).

Implicitly unreasonable prejudice against the

“dilution” of one data-set assumed superior by

another assumed to be deficient (in the absence

of any objective criterion of performance), burdens

the empirical endeavor of phylogenetics with self-

serving and subjective perspectives. Less obvi-

ously, balking or explicit refusal to attempt

total-evidence methods reveals pessissm so pro-

foundas toviewuseofmultiple linesofevidenceas

dilution of the truth or an unwise empirical com-

promise. The latter belief that a single data set or

approach is sufficient for the enormous recon-

struction of the “Tree of Life” (TOL) is premature

at least and antithetical to the objective of the

program at worst. Feasibility of the goals of TOL

remains to be demonstrated, anuncertainty that is

farmoreserious thandiscarding the information to

be found in fossils, but perpetuates a view that

fossils and extant lineages are adequate for the

recovery of signal for omniresolutory analysis.

Unfortunately, there isnobasis for suchoptimism.

TEN TALKING POINTS FOR

PHYLOGENETICS

1 Even if an assumption of accuracy is made

uniquely for molecular methods, given the

failure of reproducibility of trees and low pre-

cision of estimators, is it likely that reliable

assessment of accuracy is forthcoming? If so, in

what timescale is this expectation likely to be

realized?

2 What credence can be placed on a single clade

or couplet of interest if little else in the tree, or

at least nodes immediately subtending the

clade, is strongly supported?

3 What, if any, are the justifications for the over-

whelming reliance on nucleotide sequences

instead of codons, amino-acid equivalents, or

more inclusive genomic segments, especially

given the increased richness of more complex

characters but reduced informativeness of the

low-scale signals for problems of deep history?

4 Do specialists react similarly to disagreements

between a morphological and a molecular

study of comparable scale as they do regarding

two molecular studies of similar concordance,

scale, and feasible methods? Are disagree-

ments between and among methods or data-

types treated by comparable criteria?

5 What, if any, are the widely recognized criteria

underlying choice of parsimony, maximum

likelihood, Bayesian estimators, or indices of

information-content for a given analysis?

6 What, if anything, can be inferred from wildly

different phylogenetic reconstructions deriv-

ing from two different molecular data-sets,

analyzed by different means, and sharing

only a portion of sampled taxa – e.g. Fain &

Houde (2004) vs. Hackett et al. (2008)?

7 By what logical frameworks and evidentiary

equivalences are the various currencies of phy-

logeny – e.g. characters, states, steps, nucleo-

tides, codons, SINEs, indels – to be reconciled?

At a larger scale,what quantity ofmorphological

characters has an expected signal equal to 1kb of

sequence, say, for a particular nuclear gene?

8 In explorations for new sources of signal, what

units are comparable in phenotypic andmolec-

ularcontexts–organ-systemsandgenes,coding

options and alternative metrics (e.g. SINEs)?

9 If afflicted by poor resolution within a phylog-

eny, is an increase in taxa or characters sensu

lato to be sought most assiduously? Is the

136 BRADLEY C. L IVEZEY



generality the same for genotypic and pheno-

typic analyses?

10 What are the essential properties and empirical

bases for a critically needed measure of con-

gruence of independently derived topologies

(and inherent strengths and weaknesses) for

a taxonomic group, a metric that minimally

would permit assessments of: (i) practical una-

nimity, (ii) significant majority, (iii) virtually

split opinion, (iv) significant minority, and (v)

absence of progress?

CONCLUSIONS

Realism of near-term goals

I took a vivid memory from an informal conversa-

tion at the International Ornithological Congress

in Vienna, Austria, in 1994. A colleague, with the

greatest and most introspective understanding of

molecular systematics of which I am aware, pre-

dicted that the avian phylogenywould be resolved

by phylogenetic inference from DNA sequences

within the next five years (i.e. by the change of

millenium). This prediction was accompanied by

doubts in the value of morphological insights into

avian phylogeny. Both views were reminiscent of

attending the appearance of the “tapestry” from

DNA–DNA hybidization a few years before. An

abiding interest inmorphological evolution, how-

ever, nurtured continuing efforts to resolve avian

phylogeny by way of phenotypic signal during the

next decade (Livezey & Zusi, 2006, 2007).

Unfortunately, despite undeniable progress in

the pursuit of phylogenetic history in multiple

taxonomic groups, neither the mindset nor a

means for synthesizing this progress exists. In

some practical instances, disagreement of infer-

ences among datasets and analytical protocols

may even raise doubts that some or all of the

currently used phylogenetic methods may not

be estimators of the true phylogeny of interest.

Until a philosophically sound, empirical founda-

tion for a uniform synthesis of analyses among

schools is implemented, one based on the resolu-

tion of mechanisms that unite genotype with

phenotype in reality (Arthur, 1984, 1988, 1997;

Krumlauf, 1994; Hall, 1996; Sommer, 1999;

Wray, 1999; Telford, 2000; Steppan et al., 2002;

Sarkar&Fuller, 2003;Reid, 2004;Moens&Selleri,

2006)andconstraints thereon (Wagner,1984,2000;

van Tienderen & Koelewijn, 1994; Wade, 2000),

problems distinct from the historically important

view of recapitulation and the ontogenetic crite-

rion for determination of polarities (Kraus, 1988),

it ismy contention thatmuch of the resources and

apparent advances accomplished in systematics

will be misdirected, misunderstood, or wasted.

Comparison of partially congruent findings is

only a limited means of fostering confident con-

sensus. Furthermore, unless methodological parti-

sanship is overcome by empirically directed,

mutually respectful syngergy among schools, an

essential and dynamic discipline will remain

mired in the fog of bias, distortion, intuition, and

political spin (Ebach et al. 2008). The critical cur-

rency in this enterprise is information (Farris, 1979;

W€agele, 1995;W€agele& R€odding, 1998; Shpak and

Churchill, 2000), and unraveting the translation of

genotype into phenotype through ontogeny will

broader the potential of all sources of signal

(Mayo, 1983; Hall, 1996) and expectations for phy-

logenetics (Lecointre et al., 1994; Lake, 1997).

A comparative approach to inferences and asso-

ciated infighting is important but limited inpoten-

tial for a broad understanding, whereas an

empirical understanding of the mechanisms of

translation from genes to phenotype (including

environmental effects on phenotype and reaction

norms) will permit an informed transformation

fromcircumstantial evidence to the informeduni-

fication of historical signal frommultiple sources.

A renewed commitment to objective, empirical

reconciliation of differing inferences deriving

from fundamentally distinct, arguably noncompa-

rable methodologies, as opposed to a confused

blend of theoretical presumption and data-based

findings, isessential tobroadlysupportedadvances

in avian phylogenetics in the coming decades.
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As discussed in other chapters, the tempo and

mode of the evolutionary radiation of modern

birds (Neornithes) remains debated. On the one

hand, estimates for lineage divergences that have

been based on the interpretation and modeling of

molecular sequence data strongly suggest a deep

Cretaceous origination for the bulk ofNeornithes.

On the other, the fossil record of modern birds

remains dominated by specimens from the Ceno-

zoic, especially from the Eocene (e.g. Mayr, 2009).

In fact for decades the vast majority of the

recorded earliest occurrences for the modern

clades (irrespective of whether one refers to group-

ings as “stem-groups,” “crown-group,” “orders,”

or “families;” see below) have come from rocks of

primarily Early and Middle Eocene age with just

a handful of European (e.g. London Clay, Messel,

Quercy) and North American (e.g. Green River,

Willwood) formations accounting for the bulk of

diversity. Extensive compendia of early fossil

occurrences, such as the comprehensive work of

Mayr (2009), only serve to confirm what avian

paleontologists have known since the 1940s:

lots of fossil taxa demonstrably referable to mod-

ern lineages are known from the Eocene and

Oligocene, yet are largely absent from the Late

Cretaceous record (Feduccia, 1999).

Most famously, this clear numerical pattern in

the fossil record of Neornithes led Feduccia (1995)

to propose his “explosive” model for the modern

avian evolutionary radiation (Lindow, Chapter 14,

this volume). In this viewmodern birds diversified

rapidly in the aftermath of the end-Cretaceous

extinction event that marks the boundary

between this period and that of the Tertiary

(now referred to as the Paleogene by geologists;

the boundary, then, is now referred to as theK–Pg).

Paleogene birds – andmammals too – according to

Feduccia (1995), took over the ecological niches

left unoccupied by the demise of their earlier-

diverging counterparts at the K–Pg.

This“rapid radiationmodel” (Lindow,Chapter14,

this volume) for the diversification of modern

birds can, by its nature, also explain the apparent

paucity of fossil records from the Cretaceous,

whichindeedhasstooduptothenatural testprovided

by continued “fossil collectorship” since the 1990s

(Fountaine et al., 2005). In other words, if

anatomically modern birds were present in abun-

dance in the Cretaceous then one would expect

that paleontologists would have found their fos-

sils by now; after all, other vertebrates of similar

body sizes – mammals, lizards, and amphibians –

are well-known from the Cretaceous. This argu-

ment, that the vertebrate fossil record accurately

represents the broad pattern of evolutionary

events has been championed forcibly by Benton

and co-workers (e.g. Benton, 1999).
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More than nagging doubts over this view of the

modern bird evolutionary radiation remain, how-

ever. Why do molecular estimates for divergences

continue to demand significant range extensions

into the Cretaceous, in many cases to ages tens

of millions before the oldest known fossils (e.g.

Cooper& Penny, 1997; Paton et al., 2002; Hackett

et al., 2008)?Ourunderstanding of theneornithine

radiation is different to the prevailing world-view

when it comes tomammals; earlyproposals for the

bird radiation, including that of Feduccia (1995),

have not been corroborated by continued fossil

discoveries. In contrast, divergences of major

“modern” mammalian lineages are now known

tohavebeendeep in theCretaceous asmore fossils

have been discovered and described.

The fossil record, as currently known, has also

been brushed under the carpet by some; perhaps

neornithine birds were present in the Cretaceous

butwehave not found themyet because theywere

somehow cryptic (and thus hard to determine) in

morphology (Cooper & Fortey, 1998), or lived in

areas of the world (like the Southern Hemisphere)

that have not been explored to any great extent by

paleontologists (Cracraft, 2001). We classify these

arguments, forcing a correspondence between

“fossils” and “molecules,” as simply “bullet

dodging.” As with evolutionary studies dealing

with the other major groups of vertebrates, one

has no choice but to take the fossil record at face

value, deal with its inherent problems as effi-

ciently as possible, and analyze it quantitatively

to extract patterns. Feduccia (1995) did not discuss

any quantitative trends inherent to the modern

avian fossil record, hemerely noted (quite fairly as

it turns out) that we have far more identifiable

fossils from the Paleogene than we do from the

Cretaceous; this is still the case (Mayr, 2009).

In this chapter, we move on from the work of

Feduccia (1995) taking as our starting point the

fact that the fossil record is our only direct source

of information about the history of life. We reit-

erate a number of clear issues that have, and

continue to plague, the fossil record of birds and

ask: what can the record tell us about the shape of

neornithine evolution? We end by making, in

agreement with Livezey (Chapter 4, this volume)

andLindow (Chapter 14, this volume), a number of

pleas for future students of fossil birds. For

more than 50 years we have actually made

little real progress in our understanding of

this important evolutionary radiation in the his-

tory of vertebrates.

THE BIG PROBLEM WITH THE

MODERN BIRD FOSSIL RECORD

Although no-one would argue that the fossils of

modern birds are not abundant (Mayr, 2009), inter-

preting these records has always been problematic

almost completely because of the lack of a clear

phylogenetic topology of living birds based on

anatomy. Thus throughout the history of avian

paleontology, when faced with a bird fossil from

the Paleogene, workers have largely resorted to

making direct comparisons with skeletal collec-

tions of living birds. This works very well, and

with increasing accuracy (as would be expected),

as the fossils being dealt with get younger in age;

one can make direct comparisons between Mio-

cene-aged (ca. 15million years old [Ma]) fossils and

living skeletons and identify groups and clades

with accuracy. However, obviously, the deeper

in time you go, the less accurate this approach

will be (Livezey,Chapter 4, this volume). If onehas

no idea of the characters, the synapomorphies,

that characterize neornithine lineages, then the

“comparative approach” to dealing with the

fossil record is doomed to failure. We argue that

the best we can hope for, when addressing

the earliest modern avian fossils, is a very broad

brushapproach to taxonomy, identifying represen-

tatives of major lineages in the fossil record.

Over the past 15 years we have seen almost the

opposite effect as a characteristic of the fossil

record of non-modern birds from the Mesozoic.

Until relatively recently very few bird fossils from

the whole of this huge time period were known –

just Archaeopteryx from the Jurassic of Germany

(140Ma) and an array of toothed, marine taxa (e.g.

Hesperornis, Ichthyornis) from the Late Creta-

ceous (90Ma). As has been widely discussed, an

explosion of fossil discoveries over the past two
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decades has completely altered this picture; we

now know about a range of lineages of “non-mod-

ern” taxa that diverged earlier than Neornithes

(Chiappe, 2007) and in some cases (Enantior-

nithes) were likely just as diverse (Chiappe, 2007).

However, because little was known about the

diagnostic anatomical characteristics of succes-

sive clades of birds in the Mesozoic as recently

as themid-1980s, our understanding of taxonomic

diversity has grown hand-in-hand with our

understanding of their phylogenetics, based on

osteology. This of course means that now when

new fossilMesozoic bird fossils are discovered one

can assess their relationshipswith relative ease, at

least compared to fossil Neornithes.

A number of commentators (including Livezey,

Chapter 4, this volume) have remarked over

the past few years that even though the history

of ornithological classification dates back more

than a century and a half, we still lack clear

consensus on the interrelationships of the major

clades of living birds. Indeed, many of the 23 or so

traditionally recognized “orders” (depending on

source) are of questionable monophyly; no clear,

phylogenetically tested, synapomorphies have

beendocumented in anumber of cases. The phrase

“phylogenetically tested” is the key one in this

context; although some have argued to the con-

trary (Mayr, 2009), characters they propose, and

use, for the classification of fossil taxa have often

never been tested by global analysis (Livezey,

Chapter 4, this volume).

Nevertheless, this potential drawback has

never deterred students of avian paleontology

who have merrily carried on naming and describ-

inghundreds of taxaof fossil birds fromthe earliest

Paleogene with little noticeable slow-down

since the 1960s (Figure 5.1), indeed ideas about

phylogenetic systematics based on demonstrably

shared-derived characters did not fully solidify

until the 1980s (Schuh, 2000). Nevertheless, its

been written before and we write it again, the

situation remains dire – large numbers of new

taxa of Paleocene and Eocene birds have been

named and described, yet their placement within

specific lineages ofNeornithes has yet to be tested

via phylogenetic analysis.

WHAT CAN BE SAID BASED ON

THE FOSSIL RECORD?

If we do not know precise phylogenetic

placements for the bulk of the described

neornithine fossil record then how can we use

them to address the shape of the divergence?

Fig. 5.1 Collectorship of birds from the Paleocene and Eocene (Cenozoic, our sample). Data pooled from subdivided

analyses (see text for details).
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Since a comprehensive review of the avian fossil

record remains a goal (Mayr, 2009), but is beyond

the scope of this chapter, analysis of a compen-

diumof records offers one,meaningful approach. It

is at least possible for us to ask the question: what

does the published fossil record for modern birds

suggest about the shape of their evolutionary radi-

ation. However, this kind of data-based approach

must be done in a statistically meaningful way;

simply quoting the published, putative first occur-

rences for groups does not provide a measure of

confidence. For example, the first described swift

(Apodiformes) could very well be from the Paleo-

cene, but is this an isolated fossil, tens-of-millions

of years older than its next youngest published

counterpart? Fossil records described far out of

age-context from their supposed group of mem-

bership have never inspired confidence in their

likely accuracy.

Bleiweiss (1998) was the first to go further than

simply listing the fossils ofmodern birds, by quan-

titatively analyzing a relatively large and (at the

time) comprehensive set of data for three

clades. By collating published fossil records for

Apodiformes (swifts and hummingbirds), Strigi-

formes (owls) and Caprimulgiformes (goatsuck-

ers), arranging them according to their age and

performing a gap analysis, Bleiweiss (1998) argued

that the divergence of these three clades occurred

in the early Tertiary. In other words, these three

lineages ofNeornithes diversified in the aftermath

of the K–Pg extinction, in agreement with the

hypothesis of Feduccia (1995). In 1998, as now,

relatively little was known for sure about avian

higher-level relationships and choice of these

three taxa was deliberate; i.e. lineages of living

birds that are comprised within the so-called

“higher land bird” assemblage, certainly towards

the crown of the neornithine phylogeny. Owls, as

it turns out, were at one point described – incor-

rectly – from rocks of Late Cretaceous age

(Harrison & Walker, 1977); the other two living

groups have never been recorded from sediments

older than Paleocene (Mayr, 2009).

Bleiweiss’s (1998) approach is commendable

because by taking a statistical view of the modern

avian fossil record, one can determine the

likelihood that known ranges extend older than

the 65Ma marker, the end of the Cretaceous.

Bleiweiss (1998) did this at two signficance levels,

99% and 95%, and reported no support for pre-Pg

divergence based on fossil stratigraphic

distributions. In 2009, we updated and expanded

this approach, building a database that comprises

more than 1000 fossil records encompassing seven

clades of living birds. Clades were chosen

(i.e. Anseriformes, Apodiformes, Pelecaniformes,

Procellariiformes, Piciformes, and Strigiformes)

to: (i) span the entirety of the neornithine phylog-

eny (as currently understood), fromearly diverging

(Anseriformes) to crown-ward (Piciformes);

(ii) to have an abundant fossil record in terms of

numbers of described specimens; and (iii) to be of

relatively certain monophyly. Of course, all three

of these starting points represent significant

assumptions (as discussed above) that will feed

into any analysis.

In any case, few workers would question

the current hypothesis that clade Anseriformes

likely diverged significantly earlier in time than

did Piciformes: fossils placed in the former lineage

have been described from the Late Cretaceous

(Clarke et al., 2005) and, along with Galliformes,

Anseriformes is most often considered to be

a basal divergence within Neornithes (Livezey,

Chapter 4, this volume). Piciformes, on the

other hand, are often grouped together with

the perching songbirds (Passeriformes) at the

very tip of the neornithine tree. One would expect

such a difference in phylogenetic position to be

reflected in the shape of their fossil record, but this

has never been tested before using a large database

of occurrences.

Our results (Figures 5.1 and 5.2) show that

collectorship for birds from the Paleocene and

Eocene (Cenozoic, our sample) increases con-

stantly over time and appears to reach a plateau

after the year 2000. Overall data suggest a rela-

tively constant increase over time, with a slightly

sharper increase between 1960 and 1990. When

compared with collectorship curves for Mesozoic

taxa for both the complete Mesozoic fossil record

(Fountaine et al., 2005) and just enantiornithine

taxa (O’Connor & Dyke, 2010), it is clear that
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while Cenozoic collectorship has been relatively

constant throughout time and has now reached

a plateau, Mesozoic collectorship is in the middle

of a sharp increase and has been increasing sharply

since 1980. Based on this simple analysis, then,

our sample of the Cenozoic avian fossil record

appears more complete than does its Mesozoic

counterpart. There is also no bias evident in this

data sample, betweenyear of description andageof

fossils: it seems that paleornithologistsworking in

the Cenozoic have described fossils of all ages

(Figure 5.3). This adds further evidence to the

argument that patterns can be extracted from

the known fossil record.

Results of the gap analysis can be seen in

Table 5.1 and Figure 5.4. The known fossil

record for both the Anseriformes (Hope, 2002;

Clarke et al., 2005) and Procellariiformes

(Hope, 2002) already extends into the Late Creta-

ceous (�68Ma) with the confidence intervals

(possible range extensions) extending no further

than 74Ma for the Anseriformes and 76Ma for the

Fig. 5.2 Comparison of Cenozoic collectorship curve with Mesozoic collectorship curves of complete Mesozoic taxa

and enantiornithine Mesozoic taxa (see text for data sources).

Fig. 5.3 Scatter plot showing no relationship between age of specimen and year of description.
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Procellariiformes. The known fossil records for

the Pelecaniformes, Strigiformes, Apodiformes,

and Piciformes extend only as far as the early

Tertiary (50–65Ma) with the known fossil record

for the Columbiformes extending only as far as

the mid-Tertiary (late Oligocene; �33Ma). The

confidence intervals of the Apodiformes and

Strigiformes, however, extend as far as the latest

Table 5.1 Results of the gap analysis for each individual order; 95% confidence interval given in million years.

Order Clade rank Number of fossil taxa Maximum age (Ma) Confidence interval (CI) Maximum age with CI (Ma)

Anseriformes 2 135 68.2 5.6 73.8
Apodiformes 6 24 55.5 13.2 68.7
Columbiformes 6 17 32.9 13 45.9
Piciformes 6 42 51.9 10 61.9
Pelecaniformes 3 113 57.9 3.7 61.6
Procellariiformes 3 56 68.2 7.7 75.9
Strigiformes 5 93 63.3 5.3 68.6

Fig. 5.4 Graphical depiction of simple gap

analysis results (see text for discussion).

The Utility of Fossil Taxa and the Evolution of Modern Birds: Commentary and Analysis 151



Cretaceous (up to 69Ma). The confidence inter-

vals for the Pelecaniformes and Piciformes extend

only as far as the earliest Tertiary (early Paleocene;

�62Ma). The confidence interval for the Colum-

biformes extends to the mid-Eocene (�46Ma).

The results of the gap analysis fail to support

the hypothesis that all modern bird orders

diverged and diversified either before (Cooper &

Penny, 1997) or after (Feduccia, 2003) the K–Pg

boundary. The confidence intervals for the

Columbiformes, Pelecaniformes, and Piciformes

are restricted to the Tertiary and do not project

past the K–Pg boundary, while the confidence

intervals for the Anseriformes, Apodiformes,

Procellariiformes, and Strigiformes extend into

the Late Cretaceous. In order to provide any sup-

port for the hypothesis that all modern bird orders

diverged and diversified in the Cretaceous, these

confidence intervals would all need to extend

past the K–Pg boundary. Likewise, to support

the theory that all modern bird orders diverged

in the Tertiary, none of the confidence intervals

could extend past the K–Pg boundary. The results

of the gap analysis also fail to support Feduccia’s

“Transitional Shorebird Hypothesis” (Feduccia,

2003), i.e. that a single lineage of “transitional

shorebirds” originated in theCretaceous, survived

the K–Pg extinction event, and diversified

rapidly into the modern avian orders alive today.

Feduccia’s hypothesis is supported by the fact that

fragmentary remains from the Cretaceous are

often assigned to “shorebird” or “waterbird”mod-

ern orders (Dyke & van Tuinen, 2004) and that

such short diversification times have also been

seen in the evolution of whales from terrestrial

ungulates in less than 10 million years (Feduccia,

2003). However, the extension of the strigiform

and apodiform confidence intervals into the Late

Cretaceous dispute the “Transitional Shorebird

Hypothesis” since these orders are much more

derived than those of the “shorebirds” or

“waterbirds” (according to the Mayr &

Clarke (2003), Livezey & Zusi (2007) and Hackett

et al. (2008) phylogenetic trees).

The results of our gap analysis do, however,

support the hypothesis that the basal lineages of

neornithine birds and a number of basal neoavian

lineages diverged in the Cretaceous with the

remaining lineages diversifying in the Tertiary

(Dyke, 2001). The known fossil records of the

Anseriformes (Hope, 2002; Clarke et al., 2005)

and Procellariiformes (Hope, 2002) already extend

into the Late Cretaceous and, with the confidence

intervals included, extend as far as 76Ma (still in

the Late Cretaceous). It is widely accepted that

the Anseriformes, as well as the Galliformes

(making up the Galloanserae), are the second

most basal group of neornithines, after the Paleog-

nathae (Dyke & van Tuinen, 2004). According to

the three phylogenetic bird trees used in this

study, the Procellariiformes are a basal group

among the Neoaves and also relatively basal

among neornithine birds as a whole (Mayr &

Clarke, 2003; Livezey & Zusi, 2007; Hackett

et al., 2008). Despite the fossil records of the

Strigiformes and Apodiformes only extending

to the early Tertiary, the confidence intervals

for these orders extend into the Late Cretaceous.

While the morphological trees of Mayr &

Clarke (2003) and Livezey & Zusi (2007) place

the Apodiformes as a more derived order among

theNeoaves,Hackett et al.’s (2008)molecular tree

places the Apodiformes as a more basal order

among the Neoaves. The extension of the apodi-

form confidence interval into the Late Cretaceous

supports Hackett et al.’s (2008) placement of the

Apodiformes as a basal order rather than a derived

one. However, the confidence interval for the

Apodiformes is the longest in the gap analysis

since the Apodiformes had the poorest fossil

record out of the seven orders used in this study.

If more Tertiary fossil occurrences are found for

this order, the confidence intervalwill shorten and

will likely leave the Late Cretaceous and move

into the earlyTertiary. The confidence interval for

the Strigiformes is more reliable since the fossil

record for this order was quite comprehensive.

Any further Tertiary fossil occurrences are not

likely to have a huge affect on this confidence

interval. According to Livezey & Zusi (2007) and

Hackett et al. (2008), the Strigiformes are in the

middle between the most basal and most derived

orders of neoavian birds. Mayr & Clarke (2003),

however, suggest that the Strigiformes are more

152 GARETH DYKE AND EOIN GARDINER



basal than even the Procellariiformes. The exten-

sion of the strigiform confidence interval into the

late Cretaceous supports Mayr & Clarke’s (2003)

evaluation of the Strigiformes. Regardless of this

phylogenetic uncertainty, the results of the gap

analysis support the hypothesis that the basal

orders of neornithine birds and a number of

basal neoavian orders diverged in the Cretaceous

(Dyke, 2001).

It has been argued that the “classic confidence

intervals” calculated in this study and also

calculated by Bleiweiss (1998) underestimate

divergence dates (Marshall, 1999). This is because

they assume that the probability of finding fossils

is constant through time. Marshall suggests that

modern birds had a long initial history in the

Cretaceous but were rare and had a cryptic diver-

sity, thus resulting in a drastically lower probabil-

ity of finding fossils from that time. According to

Benton (1999), however, this suggestion fails on

a probability argument. How could over 20 orders

of modern birds have existed undetected through

theCretaceous and all uniformly remained cryptic

until the Tertiary? As an example of fossils being

found despite their rarity before the major radia-

tion, Benton notes the finding of sharks and bony

fishes from the Harding Sandstone, 50–60 million

years before abundant and more complete fossils

appear. Thus, while the theory that modern

birds were cryptic in the Cretaceous is plausible,

it is also improbable. Therefore, without clear

evidence for the contrary, the appropriate null

hypothesis is to assume a constant probability

of fossil recovery through time for gap analysis

studies on the fossil records of modern birds

(Bleiweiss, 1999).

While our collectorship curves show that

the fossil records of each order appear complete

enough to be used to make inferences about the

history of theNeornitheswith real confidence, the

differing divergence dates given by fossil and

molecular evidence is one of the most highly

debated topics in evolutionary biology. While

this gap analysis study has not bridged the gap

between these two lines of evidence, there

remains room for improvement on both sides of

the debate, e.g. fossil evidence can account for

“ghost lineages” in the fossil record and molecular

evidence can develop more realistic models of rate

evolution for genetic sequences. The only foresee-

able end to the “rocks and clocks” debate would be

the discovery of Early Cretaceous neornithine fos-

sils. The single addition of aCretaceous neornithine

bird to the fossil recordof anyorderused in this study

could dramatically increase the confidence interval

obtained for thatorder, especially theorderswith the

least comprehensive fossil records. However, Ben-

ton (1999) notes that such fossils “will not be found

because they do not exist”.
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Sphenisciformes (penguins) are flightless sea birds

widely distributed in the Southern Hemisphere.

These birds have completely lost the capacity for

aerial flight. Instead, they employ modified flip-

per-like wings in wing-propelled diving or under-

water flight. Penguins are truly marine animals,

though as birds they remain tied to land for molt-

ing and breeding. The highly specializedmorphol-

ogy and remarkable life histories of penguins have

long attracted interest not only from scientists but

also from the general public. In the popular imag-

ination, penguins are commonly associated with

icy Antarctic environments, however, these birds

are by no means restricted to polar waters. Repre-

sentatives of the group inhabit a diverse array of

environments as far north as the Equator, includ-

ing coastal deserts, sea-ice shelves, barren sub-

Antarctic islands and coastal forests. The remark-

able breeding cycle of Aptenodytes forsteri

(emperor penguin) in Antarctica has been both

widely popularized and intensely studied (e.g.

Stonehouse, 1953; Jouventin et al., 1995; Barbraud

& Weimerskirch, 2001). This species and the

closely related Aptenodytes patagonicus (king

penguin) both possess brood pouches that allow

them to incubate their eggs andwarm their chicks

during long periods of subfreezing temperatures.

In contrast, Spheniscus mendiculus (Gal�apagos

penguin) breeds at the Equator and must protect

its eggs from the sun to keep them from over-

heating (Boersma, 1975).

Penguins have undergone a suite ofmorpholog-

ical, physiological, and behavioral modifications

in the course of their transition to a primarily

underwater existence. These include develop-

ment of a unique integument characterized by

densely packed, scale-like feathers that both insu-

late and waterproof (Watson, 1883), modifications

to the eye lens and shifts in visual sensitivity

towards parts of the spectrum that increase

the efficiency of prey detection underwater

(Sivak 1976; Sivak & Millodot, 1977; Bowmaker

& Martin, 1985), stiffening of the wing joints

(Raikow et al., 1988), wholesale reduction of the

distal wing musculature (Gervais & Alix, 1828;

Schoepss, 1829; Schreiweis, 1982), dense bones to

counteract buoyancy (Meister, 1962), retemirabile

systems in the head, flipper, and legs for enhanced

thermoregulation (Frost et al., 1975; Thomas &

Fordyce, 2007), thickened eggshell to reduce the

risk of breakage on hard nesting substrates

(Boersma et al., 2004), and incubation strategies

that include brood pouches and nesting in

burrows.

Many of the aquatic specializations exhibited

by penguins also increase their fossilization
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potential. Penguin limb bones have a greatly

reduced marrow cavity and are muchmore robust

than those of volant birds. This makes themmore

likely to withstand pre-burial damage by scaven-

gers andwave action. Penguins frequent nearshore

marine habitats, which also increases the likeli-

hoodof their bones beingburied compared to those

of birds inhabiting inland environments. These

factors have led to an abundance of fossil penguin

material. To date, over 4000 fossil penguin speci-

mens have been deposited in museum collections

(see Table 6.1).

Extant penguins occur throughout the South-

ernHemisphere, with only theGal�apagos penguin

(Spheniscusmendiculus) ranging slightly north of

the Equator. The distribution of fossil penguins

closely follows their current range (Figure 6.1). In

addition to the abundance of fossil material,

numerous subfossil penguin remains have been

obtained from localities that include abandoned

colonies and middens (McEvey & Vestjens, 1973;

van Tets & O’Conner, 1983; Worthy, 1997;

Lambert et al., 2002; Emslie & Woehler, 2005;

Emslie et al., 2007; Emslie & Patterson, 2007).

While subfossil penguin bones and eggshells

have been the subject of many interesting studies,

Pleistocenematerials are not included inTable 6.1

because we lack accurate estimates of the amount

of material known.

In this chapter, we attempt to highlight the

ways in which our knowledge of extant penguins

guides interpretation of the penguin fossil

record, and the ways in which fossil penguins

expand our understanding of major evolutionary

trends in the clade. Due to the sheer volume of

work, it is beyond the scope of this chapter

to touch on all aspects of extant penguin biology.

Excellent collections and summaries of such

work are readily available (e.g. Stonehouse, 1975;

Davis & Darby, 1990; Williams, 1995; Davis &

Renner, 2003).

TAXONOMY

A clearly defined taxonomy is important for facil-

itating communication between neontologists

and paleontologists, and has implications for con-

servation status of living species. Historically, the

total number of species recognized for living pen-

guins has fluctuated. Penguins moult through

successive distinct plumages before reaching sex-

ual maturity, and individuals appear markedly

different in their natal down, immature plumage,

and adult plumage. Early accounts misclassified

birds of different age classes as separate species.

For example, the downy brown juveniles of the

king penguin were originally considered a

distinct (and presumably non-aquatic!) taxon,

known as the “woolly penguin” (Latham, 1821).

Once penguins became better understood, the

generally accepted total remained stable at 17

species for many years (Sibley & Monroe, 1990;

Mart�ınez, 1992), though as discussed below the

true total may be 19 or more.

Molecular studies are currently modifying our

understanding of the limits of extant penguin

species. Most recently, the taxonomy of the

widespread rockhopper penguins (previously

recognized as three subspecies of Eudyptes chry-

socome) was re-evaluated. Banks et al. (2006)

found that genetic differences support species

status for three groups formerly considered sub-

species of Eudyptes chrysocome: Eudyptes chry-

socome (southern rockhopper penguin), Eudyptes

moseleyi (northern rockhopper penguin), and

Eudyptes filholi (eastern rockhopper penguin).

This conclusion is also supported by morpholog-

ical differences and the allopatric distribution of

the three groups (Banks et al., 2006). Also at issue

is the status of Eudyptula minor (little blue

penguin). This taxon was in the past split into

two species, Eudyptula minor and Eudyptula

albosignata (Peters, 1931; Gruson, 1976). How-

ever, the most recent revision by Kinsky &

Falla (1976) recognized just one species, with six

subspecies.Unexpectedmolecular divergence pat-

terns between different geographic populations of

Eudyptula minor have been detected (Banks

et al., 2002). Although these patterns suggest

that two distinct lineages are present (Banks

et al., 2002), whether these should be treated as

species or populations is debatable. In this

chapter, we recognize 19 species of extant
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Fig. 6.1 Maps showing the

Paleocene to Pliocene distribution

of fossil penguin localities.

164 DANIEL T. KSEPKA AND TATSURO ANDO



penguins (including three rockhopper species and

a single little blue penguin species) and acknowl-

edge that our understanding of Eudyptula minor

taxonomy is evolving.

Contrary to most avian groups, the recognized

diversity of extinct penguins clearly exceeds cur-

rent diversity. At present, at least 49 species are

known from clearly diagnosable remains (see

Table 6.1) and several distinct taxa await formal

naming.A total of 74 species of fossil penguinhave

been proposed historically, but many species

named in the late 19th and early 20th centuries

were based on undiagnostic or pathological

remains, or remains of birds other than penguins.

Simpson (1946) completed a revision of all species

known at the time and eliminated many invalid

taxa. Since that time, periodic revisions have

weeded out additional invalid species

(Simpson, 1971a, 1972a; Jenkins, 1985; Myrcha

et al., 2002; Acosta Hospitaleche, 2004;

Jadwiszczak, 2006b; Ando, 2007; Ksepka, 2007).

Even by the most conservative tallies, the large

majority of penguin species that have ever existed

are now extinct. The number of known fossil

penguin species is growing rapidly, with 10 new

species named since 2005.

Recent classifications have placed penguins

within the order Sphenisciformes and family Sphe-

niscidae.Clarkeetal. (2003)proposedphylogenetic

definitions for these names and proposed the new

name Pansphenisciformes. Under these defini-

tions, Pansphenisciformes is applied to the clade

including all taxa more closely related to Sphenis-

cidae than any other extant avian lineage. Sphe-

nisciformes is applied to the clade including all

penguins that share the apomorphic loss of aerial

flight. These names currently denote the same set

of known taxa. However, if volant basal members

of the penguin lineage were to be discovered, they

would be placed within Pansphenisciformes but

excluded from Sphenisciformes. Spheniscidae is

restricted to the crown clade of penguins, compris-

ing the most recent common ancestor of all living

penguin species and its descendants.

Attempts to formulate a more detailed tax-

onomy inclusive of stem diversity have thus

far met with mixed results. Simpson (1946)

proposed a subfamily level classification of

fossil penguins including five subfamilies:

Palaeospheniscinae (including Palaeospheniscus),

Paraptenodytinae (including Paraptenodytes),

Anthropornithinae (including Anthropornis,

Eospheniscus [later synonymized with Palaeeu-

dyptes], Delphinornis and Pachydyptes), Palaeeu-

dyptinae (including Palaeeudyptes), and

Spheniscinae (extant penguins). Later authors

(Marples, 1952; Brodkorb, 1963; Acosta Hospita-

leche, 2004; Tambussi et al., 2005) updated the

contents or definitions of these subfamilies. How-

ever, following several decades of new discoveries,

Simpson (1971a) himself abandoned this classifi-

cation system because he felt it did not reflect true

evolutionary relationships. Only Palaeosphenisci-

nae appears to represent a monophyletic group

(Ksepka et al., 2006). A stable phylogenetic

taxonomy of stem fossil penguins is desirable,

though at present a poor understanding of the

relationships of many fragmentary taxa and lack

of resolution in many parts of the penguin tree

complicates the clear definition of higher taxa.

However, we believe that as more complete

materials of multiple taxa currently under study

(e.g. Archaeospheniscus, “Palaeeudyptes,” Platy-

dyptes, Palaeospheniscus) are fully described and

incorporated into phylogenetic analyses, our

understanding of fossil penguin relationships

will solidify enough for a new taxonomy to be

erected around well-placed taxa.

HISTORICAL OVERVIEW OF FOSSIL

PENGUINS

ThomasHenryHuxley (1859)made thefirst report

of a fossil penguin. Huxley (1859) described this

find, a partial tarsometatarsus, as Palaeeudyptes

antarcticus. Although the fossil was fragmentary,

it revealed both the antiquity of penguins and the

prior existence of very large forms. For nearly a

century followingHuxley’s report, fossil penguins

remained known only from highly incomplete

material. During this interval, a handful of addi-

tional elements were reported from New Zealand
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(Hector, 1872) and a large collection of isolated

bones was reported from South America by Ame-

ghino (1891, 1895, 1899, 1901, 1905). Accounts of

truly “giant” penguins by the Swedish Polar Expe-

dition of 1901–1903 (Wiman, 1905a, 1905b)

aroused popular interest in penguin fossils.

George Gaylord Simpson, while best known for

his contributions tomammalian paleontology and

evolutionary theory, also wrote extensively on

fossil penguins. His description of an exquisitely

preserved partial skull and skeleton of Parapteno-

dytes antarcticus (Simpson, 1946) marks a major

milestone in penguin paleontology. This fossil

provided the foundation for Simpson’s argument

that penguins evolved directly from a volant

ancestor, without undergoing a flightless terres-

trial interval. Simpson’s subsequent work

includes comprehensive reviews of regional pen-

guin faunas (Simpson, 1957, 1971a, 1971b, 1972a),

descriptions of new species (Simpson, 1972b,

1973, 1979a,b, 1981), and the popular book

“Penguins Past and Present, Here and There”

(Simpson, 1976). Brian J. Marples also generated

extensive early work on fossil penguins, describ-

ing in detail a diverse penguin fauna from New

Zealand and new finds from Antarctica, and pro-

viding a foundation for fossil penguin comparative

anatomy (Marples, 1952, 1953, 1960, 1962, 1974;

Marples & Fleming, 1963).

A lull in the study of fossil penguins followed

the era of Simpson and Marples, during

which a fewaccounts of newfinds sawpublication

(Scarlett, 1983; McKee, 1987; Myrcha et al., 1990)

and some updated overviews appeared (Olson,

1985; Fordyce & Jones, 1990; Fordyce, 1991; Coz-

zuol et al., 1991, 1993). In recent years the pace of

fossil penguin discoveries has accelerated to

unprecedented levels. Since 2005, 10 new species

have been named and large volumes of material

have been described (Jadwiszczak, 2001, 2003,

2006a,b; Myrcha et al., 2002; Stucchi, 2002;

Emslie & Guerra Correa, 2003; Stucchi

et al., 2003; Acosta Hospitaleche, 2004; Acosta

Hospitaleche et al., 2004, 2006, 2008; Acosta Hos-

pitaleche&Canto, 2005; Slack et al., 2006; Clarke

et al., 2007, 2010; Ksepka et al., 2008). These

include the oldest and most basal penguin (Wai-

manu manneringi), a unique spear-billed giant

penguin (Icadyptes salasi) and the oldest crown

penguin fossil (Spheniscus muizoni). Figure 6.2

illustrates a sampling of fossil penguin diversity.

PHYLOGENIC RELATIONSHIPS

Disparities between penguins and other birds

prompted some bizarre evolutionary scenarios

for their higher level relationships in the late

19th and early 20th centuries. Menzbier (1887)

went as far as to suggest that penguins have a

reptilian origin separately from other birds. Bed-

dard (1898) and Chandler (1916) suggested that the

ancestor of penguins was related to the extinct

Hesperornis, a hypothesis that would place pen-

guins distant from other extant birds. Misinter-

pretation of fossil morphologies likewise led

Lowe (1933, 1939) to propose that penguins

evolved from a flightless ancestor separate from

all other birds.

Aside from these easily discredited hypotheses,

most pre-cladistic taxonomists allied Sphenisci-

formes with Procellariiformes (albatrosses,

petrels, and allies) and Gaviiformes (loons). See-

bohm (1888), Sharpe (1891), and Gadow (1889)

favored the hypothesis that penguins were closest

to a group comprising both Procellariiformes

and Gaviiformes, while F€urbringer (1888),

Gadow (1893), and Pycraft (1898) considered Pro-

cellariiformes to be most closely related to pen-

guins. Fossil evidence has historically been

considered consistent with these hypotheses.

Wiman (1905a) noted morphological similarities

between Eocene Antarctic fossil Sphenisciformes

and extant Procellariiformes. Simpson (1946)

commented specifically on the similarities of

the pterygoid of Paraptenodytes antarcticus to

the same bone in Procellariiformes, while

Olson (1985) noted similarities between the par-

tial skulls of Eocene penguins and those of

Gaviiformes.

Recent studies including both morphology-

based andmolecular-based analyses support a gen-

eral framework in which penguins are part of a

large seabird clade including Procellariiformes,
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Fig. 6.2 Select fossil penguin specimens. (a) skull of the giant spear-beaked stempenguin Icadyptes salasi (MUSM897,

after Ksepka et al., 2008). (b) Skull of the crown penguin Spheniscus megaramphus (MUSM 175, after Stucchi

et al. 2003). (c) Select elements of the basal penguin Waimanu tuatahi (OU 12651 and CM zfa 33-34, after

Slack et al., 2006). (d) Skull and limb elements of the earliest equatorial penguin Perudyptes devriesi (MUSM 889,

after Clarke et al., 2007). (e) Skull and skeleton of Marplesornis novaezealandiae (CM zfa16527), the potential sister

taxon of crown Spheniscidae. (f) Articulated postcranial skeleton of Pygoscelis tyreei (CM zfa 22631). (g)Madrynornis

mirandus (MEF-PV 100, after Acosta Hospitaleche et al., 2007), one of the oldest crown penguins. Not to scale.
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Gaviiformes, Pelecaniformes, and Ciconiiformes

(Ho et al., 1976; Cracraft, 1988; Sibley &

Ahlquist, 1990; McKitrick, 1991; Cooper &

Penny, 1997; Siegel-Causey, 1997; Groth & Bar-

rowclough, 1999; van Tuinen et al., 2000; Mey

et al., 2002; Mayr & Clarke, 2003; Fain &

Houde, 2004; Simon et al., 2004; Mayr, 2005;

Slack et al., 2006; Livezey & Zusi, 2006, 2007;

Hackett et al., 2008). Within this large clade, the

balance of evidence suggests Sphenisciformes and

Procellariiformes are sister taxa. While the diving

petrel has been considered as an example of the

ancestral penguin body plan, all evidence indi-

cates penguins share a relationship with the

clade Procellariiformes as a whole and are not

descended from any particular lineage within

that group.

Extant penguin phylogeny has been thoroughly

investigated and consensus appears to be at hand

for their relationships, save for the issue of rooting.

Molecular data strongly support a topology in

whichAptenodytes is the basalmost genus. Sibley

& Ahlquist (1990) recovered this pattern in DNA

hybridization studies (though they did not include

Eudyptes). More recently, Baker et al. (2006)

included 18 extant penguin taxa and sequence

data from five genes to rigorously test the inter-

relationships of penguins and found strong sup-

port for placing Aptenodytes as the basalmost

genus. Morphological analyses consistently sup-

port Spheniscus or Spheniscus þ Eudyptula as

the basal divergence in the crown clade

(O’Hara, 1989; Giannini & Bertelli, 2004; Bertelli

& Giannini, 2005; Ksepka et al., 2006; Acosta

Hospitaleche et al., 2007; Ando, 2007). Although

morphology-based and sequence-based phyloge-

nies for Spheniscidae appear very different, the

unrooted networks of relationships derived from

these data are largely congruent (Figure 6.3). Root-

ing appears to account for almost all of the dispar-

ity between results from the two types of data

(Bertelli & Giannini, 2005). Because the unrooted

networks are so similar, concentrating efforts on

more complete sequence representation for pen-

guin outgroups and further study of fossil taxa that

represent proximal outgroups to the crown clade

could potentially provide the signal to reroot the

morphological or molecular trees. Notably, in

combined analyses of morphological and molecu-

lar data, the molecular rooting is preferred. The

signal in themolecular data also appears to be very

robust to choice of optimality criterion: parsi-

mony, maximum likelihood, and Bayesian analy-

ses of molecular data (Baker et al., 2006) all

recovered the same topology, while analyses of

combined morphological and molecular data

using direct optimization (Ksepka et al., 2006;

Clarke et al., 2007) and parsimony (Ksepka &

Clarke, 2010) produced an extremely similar

topology, with differences only for the placement

of some species within Eudyptes.

Most recently, attention has been focused on

incorporating fossil diversity into the framework

of penguin phylogeny (Bertelli et al., 2006; Ksepka

et al., 2006; Walsh & Suarez, 2006; Slack

et al., 2006;Ando, 2007;Clarke et al., 2007;Acosta

Hospitaleche et al., 2007, 2008). These studies

have generally agreed well where taxa overlap.

We present a summary of our current understand-

ing of the phylogeny of Sphenisciformes in

Figure 6.4. This tree reconciles the results of

recent phylogenetic analyses (Ksepka

et al., 2006; Clarke et al., 2007) with data from

new fossil specimens from New Zealand

(Ando, 2007). The implications of this phylogeny

are discussed further below.

MORPHOLOGICAL EVOLUTION

Bannasch (1994) provided a comprehensive dis-

cussion of the functional anatomy of the flight

apparatus in extant penguins. Essentially, the

locomotion of penguins is similar enough to

aerial flight that it is commonly referred to as

aquatic or underwater flight. There are, of course,

major differences between aerial and aquatic

flight due primarily to the density of water,

which is approximately 800 times greater than

the density of air at sea level. Unlike volant birds,

penguins do not need to generate lift with the

flight stroke, producing some key differences in

the wingbeat cycle. Volant birds produce thrust
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during the downstroke; the upstroke is impor-

tant in repositioning the wing, but does not

produce thrust in most birds. Penguins produce

thrust both during the upstroke and the down-

stroke (Clark & Bemis, 1979). There is no folding

or bending of the wing during the upstroke, in

contrast to the cycle in typical birds and even in

volant wing-propelled divers such as alcids (Kai-

ser, 2007). Instead, the wing remains stiff,

increasing the efficiency of thrust generation.

An active upstroke also occurs during dives in

the wing-propelled Alcidae (Johansson & Wet-

terholm Aldrin, 2002) as well as in the aerial

flight of hummingbirds (Trochilidae; Weis-

Fogh, 1972).

It is well agreed upon that penguins evolved

from a volant ancestor. However, the earliest

stage in penguin evolution, during which the

penguin lineage had diverged from its sister

group but still retained aerial flight, remains

unknown. A few characteristics of the basalmost

pansphenisciform can nonetheless be inferred.

Stonehouse (1967) estimated that volant mem-

bers of Pansphenisciformeswould be constrained

in size by the competing needs of the highmuscle

mass required for underwater propulsion and the

upper weight threshold for aerial flight. Stone-

house (1967) predicted that the loss of aerial flight

in the penguin lineage occurred in a form with a

body mass of approximately 1 kg, the same body

mass as the smallest modern species, Eudyptula

minor. Empirical evidence suggests that this

mass is near the upper threshold for maintaining

both aerial and underwater flight, and indeed the

body masses of the largest extant wing-propelled

divers which still maintain aerial flight (e.g. the

common murre [Uria aalge] and thick-billed

murre [Uria lomvia]) are near this value (Dun-

ning, 1993). Thus, early Pansphenisciformes

were probably broadly similar to alcids in their

ecology, and no more massive than the largest

extant auks and murres in body size.

In many ways, the loss of aerial flight can be

viewed as removing an evolutionary constraint on

penguins, especially as regards wing structure and

body size. Many of the features that make the

Fig. 6.3 Unrooted network of extant penguin relationships including all branches supported by both molecular and

morphological data. While the different preferred rooting results in very different trees, the networks are highly

congruent.
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Fig. 6.4 PhylogenyofSphenisciformes basedonAndo (2007) andKsepka&Clarke (2010). The cladogramdepicts areas of

agreement between these two studies as fully resolved, and collapses brancheswhere results of these two studies conflict

(e.g. placement of Platydyptes and Paraptenodytes). Hypothesis A reflects the topology for Spheniscidae supported by

molecular and combined analyses, while Hypothesis B reflects the topology supported by morphology alone.
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extant penguin flipper so efficient in underwater

propulsion are incompatiblewith aerial flight, and

thus must have evolved after the loss of aerial

flight. These include the high degree of stiffening

of the wing joints (Raikow et al. 1988), simplifi-

cation of the intrinsic musculature (Schrei-

weis, 1982), and marked osteosclerosis of the

long bones (Meister, 1962). Freed from the

restraints imposed on birds by aerial flight, early

Sphenisciformes were able to explore new body

plans and attain larger sizes, leading to more effi-

cient diving.

Penguins also exhibit a radically reorganized

integument characterized by the development of

scale-like feathers with flattened rachi, homoge-

nization of the wing feathers, and loss of apterygia

(e.g. Livezey, 1989;Giannini & Bertelli, 2004) that

may contribute to efficient underwater flight by

reducing drag (Culik et al., 1994). Recently, the

first fossil penguin feathers were reported from

Inkayacu paracasensis, revealing that most of the

key features of penguinwing feathers evolveddeep

within the stem lineage and were already in place

by the Eocene (Clarke et al., 2010). These fossil

feathers also preserve melanosomes, providing

evidence for unique reddish-brown and gray

color patterns in Inkayacu paracasensis (Clarke

et al., 2010).

While the remarkable preservation of feathers

offers a glimpse at stem penguin integument, we

must rely on bony evidence for insight into the

musculature. The origins and insertions of many

of the most important flight muscles possess

clearly identifiable osteological correlates, allow-

ing changes in myology to be traced through phy-

logeny. Below, we highlight some of the major

changes in the penguin wing apparatus in a phy-

logenetic context.

Waimanu reveals presumably one of the earli-

est stages in penguin evolution following the loss

of flight. High wing loading is indicated by the

short wing elements, though Waimanu retains a

flipper relatively longer (proportional to body size)

than in more crownward penguins. The major

wing bones are in almost every way intermediate

between outgroup taxa and more crownward pen-

guins (Figure 6.5). The humerus is flattened dorso-

ventrally, whereas the ulna and radius retain a

subcircular cross-section (as in modern auks); in

more crownward penguins flattening of the

humerus is more pronounced and the distal

limb bones are also compressed. The coracoid is

elongate compared to outgroups, but remains

shorter than the humerus. Pronounced elongation

of the coracoid displaces the triosseal canal rela-

tive to the sternum, increasing space for the pec-

toralis major and minor muscles and increasing

the leverage of the tendon ofm. supracoracoideus,

the major muscle for the upbeat of the wing

(Bannasch, 1994). The scapula retains a blade-

like shape, as opposed to the expanded paddle-

like shape of extant penguins. Waimanu also dif-

fers inhaving amore gracile tarsometatarsus,with

a posteriorly directed trochlea II.Modern penguins

employ the foot as a rudder in underwater flight,

but do not use the hindlimb to provide thrust.

Differences in the foot of Waimanu suggests

that early penguins may have utilized the foot

more actively in propulsion as do some extant

Procellariiformes (Warham, 1996, p. 394;

Ando, 2007), but because many of the similarities

in the tarsometatarsus are optimized as plesio-

morphic caution must be taken when inferring

function.

A largemorphological gap occurs betweenWai-

manu and more crownward penguins. These pen-

guins show further shortening of thewing (relative

to body size) and more pronounced flattening of

wing elements. Ksepka et al. (2006) hypothesized

that the more elliptical cross-section of the long

bones would be more hydrodynamically efficient,

but slightly less resistant to shear forces.However,

Kaiser (2007) noted that the flattened humerus of

penguinsmay actually bemore resistant to torsion

than a typical bird humerus because a flattened

shaft has the potential to twist to a certain degree

without breaking. In all penguins except Wai-

manu, the coracoid exceeds the humerus in

length, further increasing space available to and

leverage of the flight muscles. The scapular blade

is notably expanded in stem taxa including the

undescribed “Waihao penguin species A” and Pla-

tydyptes (Ando, 2007), and greatly expanded into a

paddle-like shape in crown Spheniscidae. This
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expandedblade forms an enlarged area that accom-

modates the strongly developed m. scapulohu-

meralis caudalis, a muscle important in

isometrically transferring force during the down-

stroke (Bannasch, 1994). A free alular phalanx

appears to have been present in many stem taxa

such as Waimanu and Icadyptes, but, at later

stages of penguin evolution, it becomes incorpo-

rated into the carpometacarpus (Ksepka

et al., 2008). Because the alular phalanx has not

Fig. 6.5 The wing of the procellariiform Puffinus tenuirostris, the basal sphenisciformWaimanu tuatahi, the stem

sphenisciform Icadyptes salasi and the extant spheniscid Aptenodytes forsteri illustrating changes in the mor-

phology of the wing over the transition to crown Spheniscidae (radiale and sesamoids not illustrated). In order to

showproportions, elements are scaled so that the total wing lengths of the four taxa are equal. Because the phalanges

are not known for Waimanu tuatahi, the lengths of these elements were estimated. Note that a free alular phalanx

was probably present in Waimanu and Icadyptes though this element is not yet reported for these taxa. Scale

bars¼1 cm.
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yet been discovered intact in a fossil penguin, it

remains unclear what role, if any, the alula may

have played in early penguin locomotion. While

the proportions of digits II and III are unspecialized

in basal penguins, crown penguins are unique

amongmodern birds in that phalanx III-1 is longer

than phalanx II-1 and possesses a proximally

directed process. This arrangement of the digits

gives the wingtip a less abruptly tapering shape

than in basal penguins and, if a similar integument

is assumed, correlates to a decrease in aspect ratio.

Because of preservation of the phalanges is rare in

fossil penguins,wedonot yet knowatwhich point

in phylogeny this shift occurred, though Icadyptes

exhibits primitive proportions.

PALEOECOLOGY

One of themost interesting facets of early penguin

evolution is the rise of giant penguins. The largest

species were estimated to have reached masses

of 81–97 kg (Livezey, 1989; Jadwiszczak, 2001;

Ando, 2007) and heights of 1.66–1.99m (Jadwiszc-

zak, 2001) based on extrapolations from limb

bones. These values are now recognized as slight

overestimates, as more complete skeletons reveal

proportional differences between stem and crown

penguins that preclude direct scaling of estimates

fromsinglebones.Penguins seemtohaveachieved

large body sizes soon after shifting from aerial to

underwater flight. Even the oldest fossil penguin

(Waimanu manneringi) exhibits large body size

(ca. 20 kg; Ando, 2007) compared to typical extant

birds. We present scaled reconstructions of fossil

penguins of various sizes in Figure 6.6, and rough

estimates of the sizes of all fossil taxa in Table 6.1.

By the late Paleocene, taxa exceeding the living

Emperor penguin in size are known from Antarc-

tica (Tambussi et al., 2005).Giant penguins appear

in the fossil record by the middle Eocene in

South America and late Eocene in Australia and

Fig. 6.6 Scaled reconstructions of fossil and living penguins. Fossils, in black from left to right: Paraptenodytes

antarcticus, Icadyptes salasi, andWaimanu tuatahi. Extant penguin silhouettes, in grey, from left to right: Eudyptes

pachyrhynchus (Fiordland penguin), Eudyptula minor (little blue penguin), and Aptenodytes forsteri (emperor

penguin). Scale bar¼ 10 cm.
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New Zealand. Giant forms may have dispersed

throughout theSouthernHemisphere evenearlier,

but appropriate deposits of Paleocene to middle

Eoceneagearewantingatmany localities.Clearly,

giant penguins had a somewhat different ecology

than extant penguins as necessitated by their

size and indicated by the highly derived mor-

phology of known skulls (Olson, 1985; Myrcha

etal., 1990; Jadwiszczak,2003;Ando,2007;Ksepka

et al., 2008).

Even the oldest fossil penguins are clearly

adapted for diving (Slack et al., 2006). However,

diving capabilities of early penguins have not been

widely discussed. Tambussi et al. (2006) con-

cluded the giant penguinAnthropornis nordensk-

joeldi was not specialized for diving based on the

angled (as opposed to straightened) flipper. How-

ever, this morphology does not necessarily rule

out deep diving capacities for Anthropornis or

other stem penguins, because there is no demon-

strated correlation between the angle of the wing

bones in articulation and diving ability in extant

diving birds. Extant alcids hold their wings in a

partially folded posture throughout the flight

stroke during underwater propulsion (Stetten-

heim, 1959; Lovvorn, 2001). These birds are

accomplished divers: depth gauge data show

that the rhinoceros auklet (Cerorhinca monocer-

ata) reaches depths of 57 m (Kuroki et al., 2003)

and data from gill nets indicate the thick-billed

murre (Uria aalge) reaches depths of up to 180 m

(Piatt & Nettleship, 1985). Alcids achieve these

depths while retaining the capacity for aerial

flight. Extant penguins attain even greater depths

(see Kooyman et al., 1971, 1982, 1992), reaching

beyond 500m in the case of the emperor penguins

(summarized inWilliams, 1995). In extant marine

birds and mammals, a strong correlation between

body size and diving depth/duration has been

demonstrated (Halseyetal., 2006;Kooyman,1989;

Watanuki & Burger, 1999). Thus, the balance of

evidence suggests giant penguins were capable of

deep diving rather than restricted to near-surface

waters.

The feeding ecologyof extinct penguinshas also

received little attention until recently, due to the

previous scarcity of described cranial remains.

Though all living penguins are somewhat oppor-

tunistic in diet, consuming fish, squid, and crus-

taceans as available, some broad patterns in

cranial morphology related to primary prey type

can be identified. Zusi (1975) related cranial oste-

ology, myology, and tongue morphology of living

penguins to diet, separating extant penguins into

species specializing on small shoaling prey, spe-

cies specializing on fish, and species with a more

generalized diet. Livezey (1989) also found support

for distinguishing these three foraging groups

usingmorphometric patterns. Among the features

Zusi (1975) identified in penguins specializing on

fish arewell-developed jawadductormusculature,

stoutly constructed upper jaws and smaller buccal

papillae. In contrast, planktonic specialists

(Eudyptes penguins, Pygoscelis adeliae, and

Pygoscelis antarctica) showed reduced adductor

musculature, deeper mandibles, and stronger

papillae. Fossils and phylogeny suggest that

these specializations were acquired late in the

evolutionary history of penguins. Though fossil

penguins preserving the beak are not very abun-

dant, all such specimens possess a narrow, slender

bill (Myrcha et al., 1990; Slack et al., 2006;

Ando, 2007; Clarke et al., 2007). Olson (1985)

and Myrcha et al. 1990, 2002 noted that such

long spear-like beaks seemmost suitable for spear-

ing large prey (e.g. fish or squids). An elongate beak

can now be optimized as present for a long phylo-

genetic interval in penguins (Ando, 2007; Clarke

et al., 2007), suggesting many or even all stem

forms hunted relatively large prey items. Based on

the distribution of cranial features related to feed-

ing strategy in living and fossil penguins, Ksepka

&Bertelli (2006) hypothesized that specializations

for capturing small, shoaling prey arose close to or

within the crown clade. The exploitation of plank-

tonic crustaceans by some Eudyptes and Pygosce-

lis penguins could be a relatively recent

innovation, possibly arising in conjunction with

expansion of Antarctic sea-ice. However, recent

research (Emslie&Patterson, 2007) suggests that a

major shift towards planktonic crustaceans as

prey may have occurred even later – within his-

torical times – in some extant penguin lineages

(see below).
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PENGUIN EVOLUTION, DISTRIBUTION

AND CENOZOIC GLOBAL CHANGE

Sphenisciform fossils represent some of the oldest

undisputed remains of crown clade birds. Wai-

manu manneringi, the oldest reported fossil pen-

guin, is dated to 60.5–61.6ma (Slack et al., 2006),

just a few million years after the Cretaceous–Pa-

leogene boundary. This age provides a minimum

estimate of the divergence of Pansphenisciformes

from its extant sister taxon. Molecular estimates

suggest that this divergence occurred during the

Cretaceous (Baker et al., 2006; Brown et al., 2008),

consistent with the large degree of morphological

disparity between penguins and their sister taxon

Procellariiformes. The divergence of penguins

fromProcellariiformeswas almost certainly a sep-

arate event from the loss of aerial flight, which

probably occurred some time afterwards. Because

all known fossil penguins were clearly incapable

of aerial flight, the length of the interval in

which basal pansphenisciforms retained aerial

flight is uncertain. One interesting hypothesis

is that penguins first became flightless immedi-

ately after the K–P mass extinction wiped

out marine reptiles, leaving a new aquatic

predator niche open for exploitation by these

birds (Fordyce & Jones, 1990; Kriwet & Ben-

ton, 2004; Ando, 2007). In this scenario, basal

volant Pansphenisciformes survived the K–P

extinction in the Southern Hemisphere and rap-

idly entered diving predator niches vacated by

small mosasaurs and plesiosaurs. Aside from

removal of competition, release from predatory

pressure by large sharks and marine reptiles may

also have been important (Ando, 2007). This

hypothesis is consistent with the inferred time

frame of early penguin evolution.

A separate question is when the crown clade

Spheniscidae arose. Molecular divergence esti-

mates suggest the basal divergence within Sphe-

niscidae occurred in the Eocene (ca. 41 Ma) (Baker

et al., 2006). In contrast, the fossil record supports a

much later origin, as the oldest crown penguin

fossils are only mid–late Miocene (11–13 Ma) in

age (G€ohlich, 2007). Although hundreds of stem

penguin fossils are known from multiple conti-

nents during the Eocene–Oligocene interval, all

pre-Miocene taxa can be excluded from the

crown clade based on retention of plesiomorphies

(Ksepka&Clarke, 2010).This suggests that the late

appearance of crown penguins in the fossil record

approximates their true time of origin, rather than

reflecting large gaps in the penguin fossil record

(Clarke et al., 2007). Clearly, a straight reading of

either the molecular results or of the fossil record

will lead to a dramatically different interpretation

of the interplay between crown penguin evolution

and major biotic, tectonic, and climactic events.

The true age of the crownclademay lie somewhere

between the extremes of 11Ma and 41Ma. Due to

the nature of the fossil record, it can only provide a

minimum estimate of the origin of any given

group, and the discovery of older fossils can always

push this estimate further back in time. However,

the 41Ma divergence estimate should now also be

considered unreliable, because it was obtained

using only external calibration points from previ-

ous dating studies. The apparent conflict between

the molecular and fossil data may be best resolved

by incorporating recently discovered crown pen-

guin fossils as internal calibration points. The old-

est crown penguins are the middle Miocene

Spheniscus muizoni (G€ohlich, 2007) and late Mio-

ceneMadrynornismirandus (Acosta Hospitaleche

et al., 2007), and provide internal calibration points

that can replace less reliable external calibrations

for future investigations into the timingof penguin

divergences.

Biogeographic studies suggest that dispersal

played a major role in speciation and distribution

for extant penguins (Bertelli & Giannini, 2005;

Baker et al., 2006;Ksepka et al., 2006).Many living

penguins are capable of traversing large swaths of

open water. Several extant species range over

thousands of miles throughout the year pursuing

food sources or traveling to their breeding grounds

(summarized in Williams, 1995). Reports of

vagrant penguins arriving on continents distant

from their home range also occur regularly (e.g.

Condon, 1975; Williams, 1995). Thus, it is unsur-

prising that long-range dispersal seems to have

occurred regularly throughout the Cenozoic.

Major ocean currents and the emergence of new
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island land masses during the Cenozoic influ-

enced the distribution patterns of penguins and

are inferred to have provided new areas for

vagrants to colonize, leading to allopatric specia-

tion (Bertelli & Giannini, 2005). This capacity for

dispersal appears to extend deep into the phyloge-

netic history of penguins. In the early Paleocene,

penguins inhabited at least New Zealand. By the

late Paleocene, penguins reached Antarctica, and

further extended their range into South America

by the middle Eocene and Australia by the late

Eocene (Figure 6.7). Although extinct penguins

likely inhabited many remote minor islands,

only subfossil records have been reported from

such localities. However, these islands can still

reinforce our understanding of penguin biogeogra-

phy. For example, geologically young volcanic

islands inhabited by penguins appear in terminal

branches in biogeographical reconstructions,

rather than being reconstructed as breeding

grounds for deep nodes (Bertelli &Giannini, 2005;

Ksepka et al., 2006).

Vicariance also needs to be considered as a

driver of early penguin evolution. The breakup

of Gondwana was nearly complete by the time

the first penguins appear, but two major plate

tectonic events related to the final breakup

frame Cenozoic penguin biogeography. First, the

opening of the Tasman Passage between Antarc-

tica and Australia near the Eocene–Oligocene

boundary completely separated these continents

and allowed formation of a deepwater gateway.

Second, the opening of theDrake Passage between

South American and Antarctica in the Oligocene

finally severed the “stepping stone” connection of

islands between the continents. These events are

significant to penguin biogeography not only in

breaking the continuity of the coastlines, but in

creation of new major ocean currents. The final

separation of Australia and Antarctica allowed

cold water currents to begin circling Antarctica.

As South America drifted further north, the open-

ing of the Drake Passage allowed the Antarctic

circumpolar current to encircle Antarctica

entirely (Lawyer & Gahagan, 1998). These events

may be expected to have caused increasing pro-

vincialism of penguin faunas, and increasingly

less frequent dispersal between Antarctica and

other landmasses as Antarctica became more iso-

lated. Unfortunately, the Antarctic record of pen-

guin fossils is almost entirely restricted to a single

locality sampling the late Eocene (La Meseta For-

mation of Seymour Island), and the record on

Australia consists of a handful of fragmentary

specimens. Thus, we do not yet have sufficient

temporal and geographic sampling to reliably infer

the effects of these major vicariance events on

penguins.

In terms of diversity, regional species densities

in the fossil record mirror present-day levels to a

large degree. New Zealand, South America, and

Antarctica are the richest areas in terms of fossil

species diversity and these three areas all host

numerous breeding taxa today. At present, the

highest diversity for any single locality and hori-

zon is in the late Eocene at Seymour Island. Ten

described species and at least one distinct unde-

scribed taxon are known from a single unit of the

La Meseta Formation at Seymour Island (see

Myrcha et al., 2002; Jadwiszczak, 2008). TheDun-

troonian (late Oligocene) penguin fauna of New

Zealand is likewise very diverse, with eight

known species (two awaiting formal description).

In contrast, few fossil penguin species are known

from Australia and Africa, which today each host

only a single native species of penguin. In Africa,

several fossil species have been described

(Simpson, 1971a, 1973, 1975a, 1979a, 1979b),

but because of poor stratigraphic constraint it

remains uncertain if all overlapped in time. In

Australia, no more than two species can be dem-

onstrated to occur at any time interval.

Although penguins have maintained a wide-

spread distribution and at least moderate species

diversity in the face of Cenozoic change, the once

diverse giant penguin fauna vanished near the

opening of the Neogene. Giant forms are last

recorded in the late Oligocene at most localities,

but appear to persist into the early Miocene in

Australia (Gill, 1959; Simpson, 1959). Causes for

their ultimate demise remain elusive (Fordyce &

Jones, 1990; Ando, 2007). Such taxa persisted

beyond the initial onset ofCenozoic global cooling

during the early Eocene as well as an episode of
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Fig. 6.7 Latitudinal distribution of penguins over time. (Modified from Ando, 2007.)
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abrupt cooling at the Oligocene–Eocene (Zachos

et al., 2001), suggesting climate change did not

drive their extinction (Clarke et al., 2007). One

interesting hypothesis is that the competition

from marine mammals (cetaceans and pinnipeds)

was responsible for the extinction of giant penguin

taxa (Stonehouse, 1969; Simpson, 1976;

Olson, 1985). Livezey (1989) suggested that

decreased maneuverability and increased vulner-

ability to marine mammalian predators could

account for the disappearance of large penguin

taxa. Timing is also an issue. Archaic pinnipeds

areknown fromthe lateOligoceneof theNorthern

Hemisphere (Bardet, 1994; Démére et al., 2003)

but their invasion of SouthernHemisphere waters

appears not to have occurred until the middle

Miocene at low latitudes and the latest Miocene

at high latitudes (Cozzuol, 2001; de Muizon &

Bond, 1982; Fordyce, 1989). Perhaps a more likely

competition scenario posits the divergence of new

clades of whales during the late Oligocene as the

leading factor in the demise of giant penguins

(Ando, 2007). The global record of marine verte-

brates is poor in the Oligocene, hampering our

understanding of the timing of arrival of marine

mammals and extinction of giant penguins in

different regions. Because inferring competition

from the fossil record remains difficult, the com-

petition hypothesis yet to be tested in a quantita-

tive manner (Olson, 1985).

TOWARDS THE RECENT

No extinctions among penguins have been docu-

mented in historical records. However, recent

work suggests a close relative of the yellow-eyed

penguin was extirpated by humans some time

around AD 1500 (Boessenkool et al., 2009). Molec-

ular and morphometric data support the presence

of a previously unrecognized species,Megadyptes

waitaha, in pre-settlement New Zealand (Boes-

senkool et al., 2009). Given the timing of extinc-

tion and the association of Megadyptes waitaha

boneswith archeological sites, the case for anthro-

pogenic extinction seems strong.

Another possible instance of anthropogenic

extinction exists. Four penguin bones recovered

from a midden on Hunter Island, Tasmania and

dated to 760� 60 yr BP were referred to a new

species, Tasidyptes hunteri (van Tets &

O’Conner, 1983). If this fossil does represent a

distinct species, it would represent a second

case of anthropogenic extinction in penguins.

However, whether Tasidyptes hunteri is ade-

quately diagnosable has been considered debatable

(Fordyce & Jones, 1990). There is no clear associ-

ation between the referred specimens and some or

all elementsmay belong to Eudyptes chrysocome,

a species known to occur in Australia (e.g. Con-

don, 1975). The referred tarsometatarsus and cor-

acoid of Tasidyptes hunteri are not distinct from

extant Eudyptes (Ksepka, 2007), leaving only the

posterior sacral “vertebrae with long slender lat-

eral processes” as a possible diagnostic character,

certainly in need of quantitative evaluation.

Pressure from human hunting has fortunately

had less of an impact on penguins than it has on

other flightless birds. Famously, the closest eco-

logical equivalent of penguins, the great auk, was

wiped out by overhunting. While less persecuted,

penguins have nonetheless weathered major pres-

sures from human activities. In historical times,

vast numbers of penguin eggs were taken for food

(Frost et al., 1976) and significant numbers of adult

and immature birds were harvested for the render-

ing of their oil at some colonies (Stokes & Soper,

1987). Populations of penguins were thus exter-

minated from several islands. Today, hunting of

penguins is essentially nonexistent and a greater

threat is posed by introduced predators (Stahel &

Gales, 1987; Dann, 1992; Massaro & Blair, 2003).

Habitat alteration, including modifications of

breeding beaches for agriculture (Seddon &

Davies, 1989), disruptive harvesting of guano at

active colonies (Stokes & Boersma, 1991), and

degradation of marine habitats from oil spills

(Gandini et al., 1994; Garcı̀a-Borboroglu et al.,

2006), also imperil penguins in many parts of

the world.

Another major threat to living penguins is the

overharvesting of many preferred prey species

(Boersma et al., 1994; Bingham, 2002). Evidence

exists for anthropogenic activity driving shifts in

penguin ecology in the past as well. Recent
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investigations into the diets of Pleistocene–Holo-

cene penguins reveals that a shift from a primarily

fish to a primarily krill-based diet occurred within

historic times in the extant Adélie penguin.

Emslie&Patterson (2007) compared stable isotope

values from fossil eggshells collected at aban-

doned Adélie penguin colonies to values from

historical and modern eggshells and found pro-

nounced shifts in d13C and d15N values. These

shifts indicate an abrupt shift in diet, consistent

with amove from afish-based to a krill-based diet.

Emslie & Patterson (2007) hypothesized that pen-

guins only recently began to rely onkrill as amajor

component of their diets after baleen whale popu-

lations were decimated during the historic whal-

ing era. They further conclude thatwithAntarctic

fish stocks currently depleted, increased exploita-

tion of krill for aquiculture could significantly

strain food resources for Adélie penguins. Inter-

estingly, Emslie & Patterson’s (2007) research

suggests that overharvesting of prey species

could have a much more profound effect on pen-

guins than direct hunting of the birds themselves

has had in the past.

A final serious threat facing all penguins today

is climate change. Radiocarbon dating of remains

from abandoned Adélie penguin colonies shows

that penguin distribution in the Antarctica has

been dynamic over the past few tens of thousands

of years (Emslie et al., 2007). Climate shifts appear

to have driven the colonization and abandonment

of localities (Baroni&Orombelli, 1994) and also to

have influenced shifts in diet (Emslie & McDa-

niel, 2002). Species that exist at the extremesof the

latitudinal range of Spheniscidae are particularly

vulnerable to rapid warming. Emperor penguins

breed only on sea-ice, and thus some colonies risk

physical loss of their breeding grounds to receding

ice shelves. Population decreases forAptenodytes

forsteri and other ice-adapted species such as

Pygoscelis adeliae have been linked to receding

sea-ice (Barbraud, 2001; Forcada et al., 2006). At

the other extreme, Spheniscus mendiculus (the

rarest living species) suffered large population

losses during recent El Niño events due to a

decrease in food availability caused by water

temperature increase (Boersma, 1998: Vargas

et al., 2006). The restricted range of these penguins

leaves them vulnerable to any major local disrup-

tion or to globalwarming generally: isolated on the

Gal�apagos Islands, they have nowhere to go to

escape unfavorable environmental shifts. Baker

et al. (2006) warned that based on ancestral distri-

bution patterns, global warming might drive spe-

cies towards higher latitudes, resulting inmultiple

extinctions. This threat remains very real.
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7 Phorusrhacids: the Terror Birds
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At the beginning of the Tertiary, while mammals

were undergoing an evolutionary explosion,

several groups of birds developed a tendency to

gigantism. These groups were scattered across

almost the whole planet. The Gastornithidae

(also known as Diatrymidae), with possible affin-

ity with the Anseriformes (Andors, 1992), have

been recovered from Paleocene and Eocene depos-

its in North America, Europe and Asia (Matthew

& Granger, 1917; Martin, 1992; Hou, 1980). In

Australia, another group of giant birds, the Dro-

mornithidae, with possible affinity to the Anser-

iformes (Wroe, 1998; Murray & Vickers-Rich,

2004) had a broad diversity in the mid-Tertiary.

Among these, Dromornis stirtoni would have

been comparable in size to the largest birds ever

found. The Ratitae, also present since the Paleo-

cene in South America and possibly in Europe

(Alvarenga, 1983; Martin, 1992), is another

group remarkable for the large size reached in

several species. Among the giant birds of the Ter-

tiary, they are the only present-day survivors. The

elephant-bird, Aepyornis maximus, a ratite from

Madagascar that died out around 700 years ago, is

probably the biggest bird ever found (Amadon,

1947; Wetmore, 1967).

The Phorusrhacidae, another group of giants

was present in South America from the Paleocene

(Alvarenga, 1985) and survived until the end of the

Pleistocene (Alvarenga et al., 2010). Ratites and

phorusrhacids apparently lived together, perhaps

competing for similar terrestrial habitats, during

the whole of the Tertiary. At that time South

America was an isolated island, and only the

ratites, perhaps the most vulnerable among

these birds, have survived to present times.

Scientific investigations on the Phorusrhacidae

started at the endof the19thcenturywith thework

of Ameghino (1887), who described amandible of a

“probable toothless mammal”, which he named

Phorusrhacus longissimus. However, it was Mor-

eno (1889) who first called attention to the huge

bones that he identified as giant birds from the

Tertiary period in Argentina. Later, Moreno &

Mercerat (1891) and two other publications of

Ameghino (1891a,b) recognized Phorusrhacus as

a bird and named several genera and species for the

Phorusrhacidae. A number of bones and fragments

of bones were described as a new species or genera,

resulting in a complicated and extended synonymy

within the family; currently 14 genera and 18

species are recognized (Table 7.1). A more detailed

history of the first investigations of this family, as

well as of the first classifications proposed, is set

out by Alvarenga & H€ofling (2003).

In this chapter, our main objective is to present

a phylogenetic analysis of the Phorusrhacidae, and

at the same time call attention to anatomic details
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that need further clarification in these birds. The

following institutional abbreviations are used in

this chapter: DGM, Divis~ao de Geologia e Miner-

alogia do Departamento Nacional da Produç~ao

Mineral, Rio de Janeiro, Brazil; FMNH, Field

Museum of Natural History, Chicago, USA;

MHNT, Museu de História Natural de Taubaté,

Taubaté, Brazil; UF, University of Florida,

Gainesville, USA.

GEOLOGICAL SETTING

Remains of Phorusrhacidae have been found in

continental beds of a great variety of Cenozoic

strata in South America, from all epochs of the

Tertiary. No species has been described for the

Eocene although a few fragmentary specimens

for this epoch have been attributed to Psilopter-

inae (Acosta Hospitaleche & Tambussi, 2005).

Most of the fossil remains and described taxa of

phorusrhacids have been found in Argentina but

they are also recorded in Uruguay and Brazil,

and recently an ungual phalanx was recovered

from Oligo-Miocene deposits in Peru (Shockey

et al., 2006). There is also an important record of

a beak fragment from Seymour Island, Antarc-

tica (Case et al., 1987) that is certainly a man-

dibular symphysis of a huge phorusrhacid,

closely related to the Brontornis genus (Alvar-

enga & H€ofling, 2003) from the La Meseta For-

mation (Upper Eocene). In North America,

likely as a result of the Great American Biotic

Interchange (GABI) that occurred during

the Tertiary, we have a single species, Titanis

walleri Brodkorb, 1963, from the Pliocene of

Florida and Texas (Chandler, 1994; Baskin,

1995; Gould & Quitmyer, 2005; MacFadden et

al., 2006). Claims supporting the existence of

European Phorusrhacidae have been discarded

by Alvarenga & H€ofling (2003). In Table 7.1, a

brief summary of the chronology of each site for

each species of Phorusrhacidae is given, as well

as the bibliographic references that may add

details of the paleoenvironment and associated

fauna for each species.

SYSTEMATIC PALEONTOLOGY

Phylogenetic analysis

Here we present a cladistic analysis based on 61

characters (seeAppendix 7A); three aremultistate,

two of them (i.e., 4 and 14) can be arranged as a

morphological series and were treated as ordered.

Damaged or absent structures are coded as miss-

ing-data, and all characters are weighted equally.

The character matrix (see Appendix 7B) was con-

structed using the software NDE 0.5.0 and sub-

mitted to character optimization and parsimony

analysis in PAUP� 4.0b (Swofford, 2001). A heu-

ristic search was conducted using the Tree Bisec-

tion Reconnection (TBR) algorithm with 1000

replicates in the branch-swapping cycleswith ran-

dom addition of the taxa. The maximum saved

trees (maxtress) were automatically increased by

100 when necessary, and branches were collapsed

if the minimum branch length was equal to zero.

Bremer support was also calculated in PAUP�

basedoncreationof constrains for the clades result

in the previous analysis; this process was con-

ducted with 10 replicates in order to optimize

computer time. The cladistic analysis was rooted

using the taxon Anseranas semipalmata. A total

of 16 out of the18 species traditionally included in

Phorusrhacidae (Alvarenga & H€ofling, 2003; Ber-

telli et al., 2007)were included in this analysis and

only the taxa Paleopsilopterus itaboaiensisAlvar-

enga, 1985 and Psilopterus affinis (Ameghino,

1899) were excluded due to the relatively meager

quality of the known material.

Paleopsilopterus itaboraiensis is similar in

size to Procariama simplex and the morphology

of its tibiotarsus and tarsometatarsus is very sim-

ilar to that of other small Phorusrhacidae with

long tarsometatarsi (Figure 7.2). In addition to

material previously described (Alvarenga, 1985),

we can attribute five ungual phalanges to this

species (MHNT:5316–5320) (Figure 7.2J–N). R.

Silva Santos collected this material during the

1970s, in the Itabora�ı Basin, RJ, Brazil, which is

the type locality of the species. The specimens of

Psilopterus affinis suggest affinities with other

species of Psilopterinae (Alvarenga & H€ofling,
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2003; Agnolin, 2006). We have included both taxa

tentatively in the subfamily Psilopterinae accord-

ing to the features indicated by Alvarenga &

H€ofling (2003).

The strict consensus of the 48 most parsimo-

nious trees resulting from analysis of the matrix

(Appendix 7B) is shown in Figure 7.1. The group

traditionally named “Cariamae” is here phyloge-

netically defined as all clades descending from

the common ancestor of Cariama and Phorusr-

hacidae. A good number of other birds from the

Paleogene of North America, many of them

Fig. 7.1 Strict consensus cladogram resulting from the 48most parsimonious trees from the present cladistic analysis

(length: 91; CI: 0.7; RI: 0.83). Numbers in nodes express the Bremer support.
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attributed to the “Bathornithidae” and “Idiornit-

hidae” or “suborder Cariamae” (Wetmore, 1944;

Cracraft, 1968, 1971, 1973; Mourer-Chauviré,

1983; Mayr & Mourer-Chauviré, 2006; Mayr,

2007), are evidently close to the extant Cariami-

dae (Olson, 1985). In fact, a revision of these birds

is necessary to define the basal cladistic position

of the species of Cariamae, as well as establish a

monophyletic and possibly broader Cariamidae

family.

The monophyly of the phorusrhacidae

Andrews (1896, 1899) was the first to recognize

the close relationship between Phorusrhacidae

and the extant Cariamidae. There is a great

Fig. 7.2 Paleopsilopterus itaboraiensis: The

holotype right tarsometatarsus (MNRJ-

4040-V) in proximal (E), dorsal (F), lateral

(G), plantar (H), andmedial (I) views. Referred

right tibiotasus (in the left side) and left

tibiotarsus (in the right side) in ventral

(A), lateral (B), medial (C), and distal (D)

views. Five ungual phalanges (MHNT-

5316-5320) from the same locality of the

holotype are tentatively attributed to the

digit III (J and K), digit II (L), digit IV (M) and

digit I (N) of the same species.
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deal of confusion, however, in terms of which

genera should be included in these families.

Brodkorb (1967) included Psilopterus, Procar-

iama, and Mesembriornis in Cariamidae, caus-

ing confusion for many subsequent authors. The

extant Cariamidae are good fliers while the Phor-

usrhacidae form a more derived group that is

wholly flightless. The phylogenetic analysis pre-

sented here firmly establishes the systematic

position of these groups.

Another question regarding the monophyly

of the Phorusrhacidae concerns Brontornis, the

largest member of the group. In Brontornis

burmeisteri the internal condyle of the tibio-

tarsus is medially diverted, in a way typical of

Anseriformes, and this is evident in at least two

specimens figured by Moreno & Mercerat

(1891). Based on this feature and the morphol-

ogy of an incomplete quadrate bone, Agnolin

(2007) proposed recognizing Brontornis as a

giant anseriform convergent on the Gastor-

nithidae of the Northern Hemisphere and the

Dromornithidae of Australia but coexisting

with the Phorusrhacidae and ratites in the

Miocene of South America. The phylogenetic

analysis presented here recovers Brontornis in

the Phorusrhacidae, close to the other large

members of this clade and relatively distant

from the Anseriformes. We believe that

the particular diverted medial condyle of the

tibiotarsus may be an adaptation due to the

excessive weight of the bird, influencing its

posture and walk. Significantly, this particular

character appears in Andalgalornis (Noriega &

Agnolin, 2008, figure 6-B) and also in Cariama.

The quadrate bone mentioned by Angolin (2007)

is fragmented to the point where meaningful

comparisons are impaired. An important char-

acter for Brontornis can be seen in the thoracic

vertebra shown by Moreno & Mercerat (1891,

plate VII, figures 1 and 2). There is a large

recessus pneumaticus in the mid-centrum

(character 22; Appendix 7A), which is a very

clearly defined character in the Phorusrhacidae

(Figure 7.3) and is well illustrated in the liter-

ature for Psilopterus (Sinclair & Farr, 1932,

figures 7 and 9, plate XXXI) and Titanis

(Gould & Quitmyer, 2005, figure 6-C).

Fig. 7.3 Athoracic vertebra ofParaphysornis brasiliensis (DGM-1418-R) in lateral (A), cranial (B), and dorsal (C) views.

Important anatomic similarities to Brontornis burmeisteri can be observed: the large recessus pneumaticus (A) in the

mid-centrum (character 22) is a diagnostic feature for phorusrhacids.

194 HERCULANO ALVARENGA, LU I S CHIAPPE, AND SARA BERTELL I



Taxonomic hierarchy

Aves Linnaeus, 1758

Cariamae F€urbringer

Phorusrhacidae Ameghino, 1889

Diagnosis – The cladistic analysis offered here

provides a diagnosis of Phorusrhacidae based on13

synapomorphies, of which nine are unambiguous

and two are exclusive:

upper beak tip strongly curved (character 2);

palate desmognathous (character 3);

large temporal fossa almost meet at median line

(character 7);

foramen magnum oriented caudally (character 8);

processus basipterygoid present (character 10);

the pterygoid with articulation for the processus

basipterygoid (character 11);

processus zygomaticus present (character 13);

acrocoracoidal process absent (character 29);

tuberculum ventrale of humerus projected proxi-

mally (character 36);

diaphysis of humerus is bowed and not in “sigma”

(character 38);

processus flexorius of humerus projected distally

(character 39);

trochantermajus of the femur absent or not prom-

inent (character 49);

trochleametatarsi II (in dorsal view) not deflected

medially (character 59).

Sexual dimorphism – Alvarenga & H€ofling

(2003) commented on the intraspecific differences

ofsizewithinthePhorusrhacidaeandhighlighteda

variation of 33% in the size of the tarsometatarsus

between two specimens ofBrontornis burmeisteri

as well as in the specimens attributed to Psilop-

terus australis by Sinclair & Farr (1932). The latter

taxon also suggests important intraspecific differ-

ences in the overall size and height of themaxilla.

Gould & Quitmyer (2005) summarized all the

material referredtoTitaniswalleriandhighlighted

an important difference in the size of two quad-

ratojugals (UF 57580 and UF 57585) and two prox-

imal phalanges of the pedal digit III (UF 30001 and

UF 171382). These differences may well be the

expression of sexual dimorphism, which if con-

firmed would likely be female biased. Males may

havebeenlarger thanfemales, as in thecaseof large

flightless rails such as the Weka (Gallirallus aus-

tralis) the Takahe (Porphyrio mantelli) (Taylor,

1996) and among extant cariamas (Alvarenga, per-

sonalobservation), all taxaphylogenticallycloseto

Phorusrhacidae.

ANATOMY

There aremany described and illustrated fossils of

the Phorusrhacidae. The species of Psilopterus,

the smallest phorusrhacid, are known from

complete or almost complete skeletons and are

particularly well described and illustrated

(Sinclair & Farr, 1932). Procariama simplex is

also represented by a nearly complete skeleton

(FM–P14525), partially described by Alvarenga &

H€ofling (2003). Unfortunately the larger species

are known by much less complete specimens.

Among the larger phorusrhacids, Paraphysornis

brasiliensis (Alvarenga, 1982) is the best repre-

sented with about 70% of the skeleton available

for one specimen). As can be seen in Appendix 7A,

a good number of anatomic characters can be

determined for the phorusrhacids but in spite

of the relative abundance of phorusrhacid fossils,

some important anatomic questions still persist.

Cervical vertebrae

Several specimens of Phorusrhacidae show an

osseous bridge from the processus transversus

to the middle of the corpus vertebrae, forming

large dorsal fenestrae (Mayr &Clark, 2003, char-

acter 52 and 53; Sinclair & Farr, 1932, plate

XXXI; Patterson & Kraglievich, 1960, figures 4

and 5). Noriega et al. (2009) illustrated a cervical

vertebra (certainly close to C-10) attributed to

Devincenzia pozzi, where this character is pres-

ent. In Paraphysornis brasiliensis, complete

vertebrae such as C3 and possibly C10 or C11

do not present this character (Figure 7.4). An

examination of other existing vertebral frag-

ments also fail to confirm its presence. This

character appears to be absent in Paraphysornis

and Brontornithinae.
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Thoracic vertebrae

In addition to the recessus pneumaticus in

the middle centrum of some of the pre-synsacral

thoracic vertebrae, there is another feature that

relates to the processus dorsalis of the thoracic

vertebrae. This process is very tall in all complete

specimens of thoracic vertebrae (Patterson &

Kraglievich, 1960, figure 6; Gould & Quitmyer,

2005, figure 6). In Paraphysornis brasiliensis, a

fragment of processus dorsalis attributed to the

first pre-synsacral vertebra, as well as a crest that

we identified as a cranial extremity of the iliac

dorsalis crest (Figure 7.5), suggest a shorter pro-

cessus dorsalis in the thoracic vertebrae, of Para-

physornis. It may also be a feature of the

Brontornithinae.

Uncinate process in ribs

In the illustrations and descriptions of Sinclair &

Farr (1932), the ribs of the Phorusrhacidae lack

uncinate processes. However, it is possible that

uncinate processes were present but not fused to

the ribs and were subsequently lost during fossil-

ization. We observe that while preparing the ske-

letons of some birds such as Psophiidae, Aramidae

and some Rallidae (Rallus, Pardirallus) by macer-

ation, the uncinate processes are completely

released and not fused to the ribs. If uncinate

processes were present in the large phorusrhacids

it seems unlikely that they were fused to the ribs

(character 24; Appendix 7A).

Clavicles

Within the Phorusrhacidae, the cranial tip

(extremitas omalis claviculae) of the coracoid

is known to be fused to the clavicles only in

Mesembriornithinae (Rovereto, 1914). Neither

free clavicles nor a furcula are known for any

other representatives of the family. In Paraphy-

sornis brasiliensis, a bone fragment not origi-

nally described (Alvarenga, 1982) seems to

belong to the cranial extremity of the left clav-

icle (Figure 7.6).

Fig. 7.4 Some complete cervical vertebrae of Paraphysornis brasiliensis (DGM-1418-R) in dorsal views: 3rd cervical

(A), possibly the 10th cervical (B), and possibly the 11th cervical (C). The absence (at least in these vertebrae) of bridges

linking the processus transversus to the middle of corpus of the vertebrae, forming dorsal fenestras, may be an

important feature.
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Pubis

Andrews (1899) describes the pubis of Patagornis

marshi as limited to its cranial portion, projecting

from the floor of the acetabulumas a bar closing the

foramen obturatum, bordering the ischium and

ending at around its medium portion. Sinclair &

Farr (1932) similarly described the pubis in Psilop-

terus, concluding that “the absence of the posterior

pubic projection, if subsequently confirmed, should

prove to be a good diagnostic character, perhaps of

ordinal value.” However, in a specimen of

Fig. 7.5 A reconstruction of the first pre-sinsacral thoracic vertebra in lateral view, close to the remains of the cranial

extremity of the dorsal iliac crest from Paraphysornis brasiliensis (DGM-1418R). This reconstruction suggests a short

processus dorsalis for Paraphysornis.

Fig. 7.6 Possibly the left clavicle of Paraphysornis brasiliensis (DGM-1418R) from lateral (left) and medial (right)

views.
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Procariama simplex (FM-P14525), the nearly com-

plete pelvis preserves the pubis with both the prox-

imal and distal extremities (Figure 7.7), and a

delicate medium portion adhered to the ventral

surface of the ischium. Such a design is similar to

that of the Accipitridae and some Falconidae. The

distal extremity of the pubis may certainly have

been lost or not identified in Patagornis and Psilop-

terus in these cases. Pelvis fragments from Para-

physornis brasiliensis (DGM-1014), not previously

described by Alvarenga (1982), preserve the cranial

portions or the ischium (Figure 7.8) and the caudal

projections of the two pubes (Figure 7.9). Their

morphology is very similar to that observed in

Procariama. The pubis of Phorusrhacidae may be

defined as discontinuous, with the medial filamen-

tous portion adhering to the ventromedial surface of

the ischium. The caudal extremity of the pubis

articulateswith the ischium (as in theAccipitridae).

In spite of these conclusions, we believe that some

variations, such as an open or closed obturator

foramen, may occur within the Phorusrhacidae.

TAXONOMY

Alvarenga & H€ofling (2003) proposed the alloca-

tion of 17 species of Phorusrhacidae among five

subfamilies. Recently, Bertelli et al. (2007) have

Fig. 7.7 Pelvis of Procariama simplex (FM- P14525) in lateral (A) and ventral (B) views. Themost cranial portion of the

pubis (arrow) is closed and delimits the foramenobturatum; themost caudal portion of the pubis is articulatedwith the

ischiun, and is not continuous with the cranial portion.

Fig. 7.8 (A) Cranial fragment of the ischium of Para-

physornis brasiliensis (DGM-1418-R) in ventral view.

The detail of the right ischium (B) shows a pubis segment

as a branch adhering to the ventral portion o the ischium

(arrow).
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described Kelenken guillermoi, an exceptionally

large specimen fromtheMiddleMioceneofArgen-

tina as anadditional genusand species. Its addition

to the family brings the total to 13 genera and 18

species (Table 7.1). The updated phylogenetic

analysis continues to support the five subfamilies

proposed by Alvarenga & H€ofling (2003) even

though the cladogram sensu stricto does not sep-

arate the subfamilies Brontornithinae, Phorusrha-

cinae, and Patagornithinae. These taxa can be

diagnosed by the characters described by the

authors cited above. Given this, we propose the

following family structure, from themore basal to

the more derived groups.

Family phorusrhacidae

1 Subfamily Mesembriornithinae (Kraglievich,

1932). (Diagnosed by fusion of the coracoid to

the clavicle – character 31.)

Genus Mesembriornis (Moreno, 1889)

M.milneedwardsi (Moreno, 1889; Figure 7.10B)

M. incertus (Rovereto, 1914)

2 Subfamily Psilopterinae (Dolgopol de Saez,

1927). (Diagnosed by the medial expansion of

the articular surface of the trochea metatarsi II

of the tarsometatarsus – character 59).

Genus Psilopterus (Moreno & Mercerat, 1891)

P. bachmanni (Moreno & Mercerat, 1891;

Figure 7.10C)

P. lemoinei (Moreno & Mercerat, 1891)

P. affinis (Ameghino, 1899)

P. colzecus (Tonni & Tambussi, 1988)

Genus Procariama (Rovereto, 1914)

P. simplex (Rovereto, 1914)

Genus Paleopsilopterus (Alvarenga, 1985)

P. itaboraiensis (Alvarenga, 1985)

3 Subfamily Patagornithinae (Mercerat, 1897).

(Diagnosed by Alvarenga & H€ofling (2003) as

medium-sized, smaller, and slimmer than the

Phorusrhacinae, with a long and narrow man-

dibular symphysis, and a long and slender tar-

sometatarsi that ismore than 70% of the length

of the tibiotarsus.)

Genus Patagornis (Moreno & Mercerat, 1891)

P. marshi (Moreno & Mercerat, 1891)

Genus Andrewsornis (Patterson, 1941)

Fig. 7.9 Caudal segments of the two pubes of Paraphysornis brasiliensis (DGM1418-R); the conformation is similar to

that seen in Procariama simplex.
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A abbotti (Patterson, 1941)

GenusAndalgalornis (Patterson & Kraglievich,

1960)

A steulleti (Kraglievich, 1931; Figure 7.10D)

4 Subfamily Phorusrhacinae (Ameghino, 1889).

(Diagnosed by Alvarenga & H€ofling, (2003) as

gigantic; with a mandibular symphysis that is

relatively long and narrow but shallow, and

more than twice as long as the width of the

base; tarsometatarsus is relatively long and

slender, and is always longer than 60% of the

tibiotarsus.)

Genus Phorusrhacos (Ameghino, 1889)

P. longissimus (Ameghino, 1899; Figure 7.10E)

Genus Devincenzia (Kraglievich, 1932)

D. pozzi (Kraglievich, 1931)

Genus Kelenken (Bertelli et al., 2007)

K. guilermoi (Bertelli et al., 2007)

Genus Titanis (Brodkorb, 1963)

T. walleri (Brodkorb, 1963)

5 Subfamily Brontornithinae (Moreno &

Mercerat, 1891). (Diagnosed by Alvarenga &

H€ofling (2003) as gigantic; the mandibular sym-

physis is proportionally shorter, wider, and

higher than other Phorusrhacidae; the tarso-

metatarsus is proportionally short, widened,

and flattened dorso-ventrally; also it is possible

that the condition of character 58 represents a

synapomorphy to this subfamily.)

Genus Brontornis (Moreno & Mercerat, 1891)

Fig. 7.10 Reconstructions of some phorusrhacids compared to the extant Cariama. (A) Cariama cristata;

(B) Mesembriornis milneedwardsi; (C) Psilopterus bachmanni; (D) Andalgalornis steuletti; (E) Phorusrhacus long-

issimus; (F) Paraphysornis brasiliensis; and (G) Brontornis burmeiteri. A man’s silhouette (1.75m) is used as scale.

(Drawing by Eduardo Brettas.)
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B. burmeisteri (Moreno & Mercerat, 1891;

Figure 7.10G)

Genus Physornis (Ameghino, 1895)

P. fortis (Ameghino, 1895)

Genus Paraphysornis (Alvarenga, 1993;

Figure 7.10F)

P. brasiliensis (Alvarenga, 1982)

BIOGEOGRAPHY AND THE ORIGIN

OF THE PHORUSRHACIDAE

The biogeographical history of the Cariamae

remains unclear but several genera and species

have been described from Eocene and Oligocene

deposits in North America (Wetmore, 1944, 1967;

Cracraft, 1968, 1971, 1973; Olson, 1985) and

Europe (Mourer-Chauviré, 1983; Mayr, 2007,

2009) although the interpretation of these birds

as a monophyletic group needs to be re-examined.

They disappear from the fossil record of both areas

in the Miocene. The Cariamidae, the sister group

to the Phorusrhacidae, appear to have been almost

absent from South America until the mid-

Tertiary. There are only two known representa-

tives, both from Argentina: Chunga incerta from

the LateMiocene (Tonni, 1974) andCariama san-

tacrucensis from the Early–Middle Miocene

(Noriega et al., 2009).

Members of the Phorusrhacidae and also an

unpublished Cariamae, closely related to the

European Idiornithidae (Alvarenga, personal

observation), were present in South America dur-

ing the Paleocene. Theymust represent the South

American portion of a stock of Cariamae that

enjoyed an early (even Cretaceous) diversity in Eur-

ope, North America and certainly Africa. Claims

supporting the presence of phorusrhacids in Europe

(Mourer-Chauviré, 1983; Peters, 1987) were dis-

cussed and discarded byAlvarenga&H€ofling, 2003.

It is possible that Phorusrhacidae and also Car-

iamidae arose in SouthAmerica, but unfortunately

it will be necessary to find new fossil evidence to

provide direct support for reconstruction of the

biogeographic history of these birds. They might

have arrived in South America from Europe by

traveling through Africa at a time when the south-

ern continents were much closer together. In the

Oligocene, extreme cooling of the planet and sub-

sequent lowering of sea levels might have facili-

tated further movements. It is also possible that

some birds made reverse movements but, later in

the Tertiary, movement may have been restricted

by further vicarious geographic effects.
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APPENDIX 7A: CHARACTER LIST AND

CHARACTER STATES USED FOR THE

PRESENT CLADISTIC ANALYSIS

Skull and mandible

1 Upper beak, maxilla and praemaxilla: wider

than tall (0); taller than wide (1).

2 Upper beak, praemaxilla tip: straight or slight

curved (0); strongly curved (1).

3 Palate: squizognathous (0); desmognathous (1).

4 Rostral border of antorbital fenestrae: strongly

obliquous (0); obliquous (1); almost vertical (2).

5 Neurocranium: wider than tall (0); taller than

wider (1).

6 Os lacrimale (in adult): not ankilosed to frontal

(0); ankilosed to frontal (1).

7 Temporal fossa: small (0); large – almost meet

up in median line (1).

8 Foramen magnum oriented: ventrally or ven-

trally-caudal (0); caudally (1).

9 Processus supraorbitales of lacrimale: short (0);

caudally long (1).
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10 Processus basipterigoid: absent or very small

(0); present (1).

11 Os pterigoid with articulation for the proces-

sus basipterigoid: absent (0); present (1).

12 Premaxillare nasal process (in adult): not com-

pletelly fused (0); completelly fused (1).

13 Processus zigomaticus: present (0); absent (1).

14 Jugal bar very tall (the hight is two times or

more than the wide): absent (0); tall two times

(1); tall more than two times (2).

15 Mandibulae – pars symphysialis: lenght equal

or bigger than one quarter of the mandibulae:

absent (0); present (1).

16 Mandibulae – pars symphysialis: longer than

than wide, strong andmassive: absent(0); pres-

ent (1).

17 Mandibulae – pars symphysialis: straight or

ventrally curved (0); dorsally curved (1).

18 Fenestra caudalis mandibulae: absent (0);

present (1).

19 Fenestra rostralis mandibulae:absent (0);

present (1).

20 Mandibulae – processus retroarticularis:

absent or small (0); present and large (1).

Vertebral column and ribs

21 Third cervical vertebrae – an osseous bridge

linking the processus transversus to processus

articularis (pos-zygapophysis) making a dorsal

fenestrae (see Mayr & Clarke, 2003 – char. 52):

absent (0); present (1).

22 Thoracicae vertebrae – a large recessus pneuma-

ticus in the mid centrum (see Livezey & Zusi, 2006

– char. 0850): absent (0); present (1).

23 Presinsacral vertebrae form a notarium: absent

(0); present (1).

24 Ribs – processus uncinati: absent or unfused to

ribs (0); fused to ribs (1).

Thoracic girdle

25 Coracoid – ?pneumatic foramen directly

below facies articularis scapularis (see Mayr &

Clarke, 2003 –char. 66): absent (0); present (1).

26 Coracoid – foramen nervi supracoracoidei:

present (0); absent (1).

27 Coracoid – pneumatic foramina in dorsal surface of

extremitas sternalis: absent (0); present (1).

28 Procoracoidal process: present (0); absent (1).

29 Acrocoracoidal process; present (0); absent (1).

30 An osseous bridge linking the acrocoracoidal

to the procoracoidal process: absent (0);

present (1).

31 Coracoid fused to claviculae: absent (0); present (1).

32 Coracoid articular facet for the scapula: an

excavated cotila (0); not a cotila (1).

33 Scapula, acromion cranially projected; absent (0);

present (1).

34 Scapula corpus: curved (0); straight (1).

35 Scapula pneumatic foramen: present (0);

absent (1).

Thoracic limb

36 Humerus – tuberculumventrale projectedprox-

imally (more than caput humeri); absent (0);

present (1).

37 Humerus – pneumatic foramen: absent or very

small (0); large (1).

38 Humerus – diaphysis in anconal view: double

curve in “sigma” (0); one curve with concavity

anconal and medial (1).

39 Humerus – processus flexorius projected distally:

absent (0); present (1).

40 Ulna length: equal or longer than the humerus

(0); shorter than the humerus (1).

41 Carpometacarpus – distal end of metacarpale

minus (see Alvarenga & H€ofling, 2003, Fig. 6):

same level of metacarpale majus (0); shorter than

metacarpale majus (1).

42 Carpometacarpus – os metacarpale minus

(shaft) (see Mayr & Clarke, 2003, character 85):

almost parallel to metacarpale majus (0);

bowed (1).

Pelvic girdle

43 Pelvis elongated and compressed laterally:

absent (0); present (1).

44 A strong transversal crest supracetabularis ilii:

absent (0); present (1).

45 Pars preacetabularis ilii: fused only in the top of

spinous process of synsacral vertebrae (0); fused
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in the top and lateral face of spinous process of

synsacral vertebrae (1).

46 Pubis incomplete: absent (0); present (1).

Pelvic limb

47 Femur length: shorter than tarsometatarsus

(0); equal or longer (1).

48 Femur length: shorter than humerus (0); equal or

longer (1).

49 Femur – trochanter majus: prominent proximally

(0); absent or not prominent (1).

50 Femur – fossa poplitea: shallow (90); deep (1).

51 Tibiotarsus – distal rim of condylus medialis

distinctly notched (see Mayr & Clarke, 2003,

char. 102): absent (0); present (1).

52 Tibiotarsus – condylus medialis medially de-

flected: absent (0); present (1).

53 Tarsometatarsus proportions: larger than 60%

the length of tibiotarsus (0); smaller (1).

54 Tarsometatarsus strong and short: ratio of

total length/width middle of diaphysis is bigger

than 6 (0); the ratio is smaller than 6 (1).

55 Tarsometatarsus long and slender: the ratio of

total length/width of middle of diaphysis is

smaller than 12 (0); the ratio is bigger than 12 (1).

56 Tarsometatarsus – facies dorsalis excavated (an

evident longitudinal sulcus): absent (0); present

(1).

57 Tarsometatarsus – hypotarsus with well-devel-

oped crista/sulci (see Mayr & Clarke, 2003,

character 103): absent (0); present (1).

58 Tarsometatarsus (dorsal view) – articular surface

of middle trochlea – a dorsomedial expansion (see

Alvarenga & H€ofling, 2003, figure 8): absent (0);

present (1).

59 Tarsometatarsus (dorsal view), trochlea metatarsi

II: deflected medially (0); almost parallel to the

trochlea III (1); articular surface extended medi-

ally (2).

60 Tarsometatarsus (distal view), trochlea meta-

tarsi II: not deflec ted plantarly (0); deflected

plantarly (1).

61 Tarsometatarsus (dorsal view), trochlea

metatarsi IV, a longitudinal sulcus: present (0);

absent (1).
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8 The Pseudo-toothed Birds
(Aves, Odontopterygiformes)
and their Bearing on the Early
Evolution of Modern Birds

ESTELLE BOURDON

American Museum of Natural History, New York, USA

The pseudo-toothed birds or false-toothed

birds (Odontopterygiformes, Pelagornithidae) are

an extinct group of large seabirds with a huge bill

bearing spiny osseous processes along the tomia

(Figure 8.1A–F). Those tooth-like projections

were hollow outgrowths of the mandibula and

maxilla and lacked enamel, dentine, or cementum

(Howard, 1957). They were well suited for holding

soft or slippery prey (Zusi &Warheit, 1992). False-

toothed birds most likely grasped prey such as

soft-skinned fish and squid near the water surface

while they were in flight or swimming (Zusi &

Warheit, 1992). Bowing of the mandible to a great

degree admitted large prey into the throat (Zusi &

Warheit, 1992).

Their skeleton was highly pneumatized

with elongated, straight, and slender wingbones

(Figure 8.1G). The architecture of their forelimb

indicates that they were pelagic soaring seabirds

that must have filled a niche similar to that of

albatrosses (Olson, 1985). Very long wings and

short legs may have required peculiar takeoff

and landing conditions. Thewingspan of the smal-

lest representatives of these birds was slightly

smaller than that of a northern gannet (around

1.6m: Bourdon, 2006a; Bourdon et al., 2010),

and the largest were truly gigantic, reaching

a wingspan of 5.5–6m (Olson, 1985), which is

two times larger than that of extant albatrosses.

The morphology of the proximal humerus is

highly distinctive (Figure 8.2A–D): the caput,

tuberculum dorsale, and tuberculum ventrale

are in virtually the same proximodistal plane,

and the caput is an oblong diagonal (sic.) in

proximal view (Olson, 1985). This would have

restricted the rotary movement, typical of birds

that use flapping flight, of the caput humeri in the

cavitas glenoidalis (Olson, 1985). The structure of

the bony labyrinth and cerebellum of the Paleo-

gene pseudo-toothed bird Dasornis toliapica

(Owen 1873) tends to confirm that this bird was

adapted as a gliding snatch feeder, and was prob-

ably not a particularly aerobatic flyer (Milner &

Walsh, 2009), which is congruent with previous

paleoecological inferences (Olson, 1985; Zusi &

Warheit, 1992).

Since Lartet (1857) described the first pelagor-

nithid bone from the Miocene of France, numer-

ous discoveries of these enigmatic birds from

various Tertiary localities have punctuated the

history of avian paleontology. Pseudo-toothed

birds are now known to have had a worldwide
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distribution and wandered the seas for approxi-

mately 55.5 Myr, from the late Paleocene to the

latest Pliocene. The extinction of these highly

specialized soarers could be linked to the climatic

cooling that marked the Pliocene–Pleistocene

transition (Lisiecki & Raymo, 2007).

In Eurasia, remains are known from the

upper Paleocene (Harrison, 1985), lower Eocene

(Harrison & Walker, 1976; Mayr, 2008) and possi-

bly lower Oligocene (Harrison & Walker, 1979)

strata of England;middle Eocene strata of Belgium

(Mayr & Smith, 2010); Miocene strata of France

(Lartet, 1857) and Portugal (Mayr, 2008); upper

Paleocene strata of Kazakhstan and Eocene strata

of Uzbekistan (Averianov et al., 1991); Oligocene

strata of Azerbaijan (Aslanova & Burchak-

Abramovich, 1999); Oligocene (Hasegawa

et al., 1986; Okazaki, 1989), Miocene

(Ono, 1989; Matsuoka et al., 1998), and Pliocene

strata (Ono et al., 1985) of Japan.

In Africa, pseudo-toothed birds were first

described from themiddle Eocene strata ofNigeria

(Andrews, 1916). Some abundant pseudo-toothed

bird remains have been found in the upper

Paleocene–lower Eocene phosphates of Morocco

(Gheerbrant et al., 2003; Bourdon, 2005, 2006a,b;

Bourdon et al., 2010). A few undescribed speci-

mens have also been recovered from the middle

Eocene phosphates of Togo (Bourdon, 2006a).

Recently, Mourer-Chauviré & Geraads (2008)

described some fossils from the uppermost

Pliocene strata ofMorocco.These fossils represent

the most recent remains of pseudo-toothed birds

so far known.

Odontopterygiformes are also abundantly

represented in the New World, with fossils

Fig. 8.1 (A) LACM22444,Osteodontornis from theMiocene of North America, fragment of rightmandibula in lateral

view. (B–G)Dasornis toliapica from the Lower Paleogene of England andMorocco; (B) BMNH44096, cranium in right

lateral view; (C)OCP.DEK/GE1076, craniumin right lateral view; (D)OCP.DEK/GE1185, fragmentof proximal part of

maxilla in right lateral view; (E)D1-0027E,distal endofmaxilla in right lateral view; (F)OCP.DEK/GE1166, fragmentof

rightmandibula in lateral view; (G)MHNL20-149215, leftulna in cranial view. cbn, caudalborderofnasal cavity; ctom,

crista tomialis; fin, fonticulus interorbitalis; lgmd, lateral groove of mandibula; lgmx, lateral groove of maxilla;

nos, apertura nasi ossea; o, olecranon; Pal, os palatinum; pc, prominentia cerebellaris; pseu, pseudo-tooth. Scale bars

equal 10mm.
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described from the Eocene (Goedert, 1989;

Olson, 1999), Oligocene (Shufeldt, 1916;

Wetmore, 1917; Hopson, 1964; Olson, 1985) and

Miocene strata (Howard, 1957; Howard &

White, 1962; Howard, 1978; Olson, 1984, 1985;

Rasmussen, 1998; Olson & Rasmussen, 2001;

Stidham, 2004) of North America; Oligocene

strata ofCanada (Cope, 1894;Olson, 1985);middle

Eocene (Gonz�alez-Barba et al., 2002) and upper

Miocene strata (Gonz�alez-Barba et al., 2004) of

Central America; Miocene and Pliocene strata

of South America (Cheneval, 1993; Walsh &

Hume, 2001; Rincón & Stucchi, 2003; Chavez

et al., 2007), including undescribed material

fromMiocene strata of Peru (GoGeometry, 2009).

Finally, some remains were also recovered

from middle Eocene (Stilwell et al., 1998) to

upper Eocene strata of Antarctica (Tonni, 1980;

Tonni & Tambussi, 1985; Tambussi & Hospita-

leche, 2007) and from Miocene (Howard &

Warter, 1969; Scarlett, 1972) to Pliocene

(McKee, 1985) strata of New Zealand.

Someauthorshave regarded thepseudo-toothed

birds as being “intermediate” between the Procel-

lariiformes and the Pelecaniformes, and assigned

them to a distinct order, the Odontopterygiformes

(Howard, 1957; Harrison & Walker, 1976). In a

number of recent studies, however, the pseudo-

toothed birds have been assigned to the family

Pelagornithidae within the traditional order

Pelecaniformes (e.g. McKee, 1985; Olson, 1985;

Goedert, 1989; Averianov et al., 1991; Cheneval,

1993; Rasmussen, 1998; Walsh & Hume, 2001;

Gonz�alez-Barba et al., 2002; Warheit, 2002; Rin-

cón&Stucchi, 2003; Chavez et al., 2007). A recent

phylogenetic study including part of the pseudo-

toothed birds from the Paleogene phosphates of

Morocco has shown that the pseudo-toothed birds

are sister to the Anseriformes (Bourdon, 2005).

Given that waterfowl and pseudo-toothed birds

Fig. 8.2 Comparison of Dasornis from the Lower Paleogene of Morocco and Pelagornis/Osteodontornis from the

Miocene of North America. (A–D) proximal parts of left humeri: (A) cf. Pelagornis USNM 335794, caudal view;

(B) Dasornis toliapica reconstructed after OCP.DEK/GE 1229 and MHNL 20-149229, caudal view; (C) D. toliapica

reconstructed after OCP.DEK/GE 1116, OCP.DEK/GE 1229 and MHNL 20-149229, cranial view; (D) cf. Pelagornis

USNM335794, cranial view. (E–F) right tarsometatarsi in dorsal view: (E)Osteodontornis LACM128424; (F)Dasornis

emuinus reversedOCP.DEK/GE1106. bp, bicipital prominence; cd, crista deltopectoralis; cvf, crus ventrale fossae; fpd,

distal foramenpneumaticum; fpp, proximal foramenpneumaticum; ft, fossa tricipitalis; i, intumescentia humeri; lldp,

proximal part of linea musculi latissimi dorsi; td, tuberculum dorsale. Scale bars equal 10mm.
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differ in many respects, it is justified to assign the

pseudo-toothed birds to the higher taxon Odon-

topterygiformes, as initially proposed by

Howard (1957) and Harrison & Walker (1976).

ODONTOPTERYGIFORM DIVERSITY

Taxonomists who described odontopterygiform

remains often proposed new names for

incomplete and/or badly preserved specimens

(e.g. Harrison & Walker, 1976; Aslanova &

Burchak-Abramovich, 1982;Harrison, 1985;Aver-

ianov et al., 1991). Harrison & Walker (1976)

encouraged this over split taxonomy by proposing

no less than four families inside the Odontopter-

ygiformes, without convincing justification (see

Olson, 1985; Mayr, 2008).

My examination of the available material led

me to conclude that two morphotypes can be

distinguished within the pseudo-toothed birds.

In a previous phylogenetic study, Bourdon (2005)

showed thatOdontopteryxOwen 1873 and Argil-

lornis Owen 1878 were part of the same clade,

which was sister to Pelagornis Lartet 1857. Based

on a new skull of Dasornis Owen 1870 from the

lower Eocene strata of England, Mayr (2008) pro-

posed that Argillornis is a junior synonym of

Dasornis. The abundant material from the early

Tertiary of Morocco permits further simplifica-

tion of the taxonomy of the pseudo-toothed

birds (Bourdon et al., submitted): first,Macrodon-

topteryx oweni Harrison and Walker 1976 and

Neptuniavis minor Harrison and Walker 1977

are synonymized with Odontopteryx toliapica

Owen 1873, and second, Odontopteryx and

Macrodontopteryx Harrison and Walker 1976

are junior synonyms of Dasornis. Pseudo-toothed

birds from the Paleocene–Eocene phosphates of

Morocco thus comprise the giant Dasornis emui-

nus (Bowerbank 1854) and the albatross-sized

Dasornis toliapica (Owen 1873) (Bourdon et al.,

2010), both species also occurring in the lower

Eocene London Clay. A third, gannet-sized new

species from the lower Paleogene of Morocco is

assigned toDasornis and represents the smallest

pseudo-toothed bird ever known (Bourdon et al.,

2010). In the current state of knowledge,

middle Eocene fossils from Belgium tentatively

referred toDasornis emuinus andMacrodontop-

teryx oweni by Mayr & Smith (2010) cannot be

assigned confidently to Dasornis (Bourdon

et al., 2010). In sum, the taxon Dasornis com-

prises pseudo-toothed birds from the Upper

Paleocene–Lower Eocene of Morocco (Bour-

don, 2005, 2006a; Bourdon et al., 2010) and

Lower Eocene of England (Harrison & Walker,

1976; Mayr, 2008).

While comparing more recent pseudo-toothed

birds with Dasornis, I found that they were no

differences between the genera Pelagornis and

Osteodontornis Howard 1957. Osteodontornis is

most probably a junior synonym of Pelagornis.

This synonymy cannot be established without a

thorough systematic revision of the Odontopter-

ygiformes.However, I regard all thePelagornis and

Osteodontornis specimens as pertaining to a sin-

gle taxonomic entity, which corresponds to the

Pelagornis morphotype. So far, the Pelagornis/

Osteodontornis material is known from the

upper Eocene to Miocene strata of North America

(Howard, 1957, 1978; Howard & White, 1962;

Hopson, 1964; Olson, 1984, 1985; Goedert, 1989;

Olson & Rasmussen, 2001; Stidham, 2004),

Miocene and Pliocene strata of South America

(Chavez et al., 2007); Miocene strata of Europe

(Lartet, 1857; Mayr et al., 2008) and Pliocene

strata of North Africa (Mourer-Chauviré &

Geraads, 2008). Numerous specimens also most

probably belong to Pelagornis: Miocene to

Pliocene strata of SouthAmerica (Cheneval, 1993;

Walsh & Hume, 2001; Rincón & Stucchi, 2003)

including a well preserved but still undescribed

skull from the Miocene of Peru (GoGeome-

try, 2009); Miocene to Pliocene strata of Japan

(Ono et al., 1985; Ono, 1989); and Miocene strata

of New Zealand (Scarlett, 1972).

Aside from these two morphotypes, odontop-

terygiform specimens were given a variety of

different names, such as Cyphornis magnus

Cope 1894, Gigantornis eaglesomei Andrews

1916, Palaeochenoides miocaenus Shufeldt
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1916, Tympanonesiotes wetmorei Hopson 1964,

Neodontornis stirtoni (Howard andWarter 1969),

Caspiodontornis kobystanicus Aslanova and

Burchak-Abramovich 1982 and no less than four

different species assigned to the genus Pseudodon-

tornis Lambrecht 1930 (Spulski, 1910; Harrison &

Walker, 1976; Harrison, 1985; Averianov et al.,

1991). Whether part or all of these names are

actually synonymous with either Dasornis

or Pelagornis must await a thorough taxonomic

revision of the group. At present, the number of

species assigned to the Odontopterygiformes

remains uncertain, but it is obvious that the num-

ber of names proposed in the literature exceeds the

number of taxa.

The morphology of the humerus in

Dasornis differs strikingly from that of Pelagornis

(Figure 8.2A–D). In the Pelagornis morphotype,

the morphological peculiarities of the humerus

that are supposedly related to gliding flight are

more pronounced than in Dasornis: the caput

humeri is caudocranially wider; the tuberculum

dorsale and tuberculum ventrale are more prom-

inent and in more proximal position; the crista

deltopectoralis is somewhat square in outline and

located far distally from the caput. The sternumof

Pelagornis (Mayr et al., 2008) exhibits a more

derived morphology than a sternum putatively

assigned to Dasornis (Mayr & Smith, 2010): it is

strongly vaulted and the carina sterni shows a

marked cranial projection for the articulation

with the furcula. These features probably reduced

loadings linked to gigantic size and sustained

gliding flight (Mayr et al., 2008). Moreover, Pela-

gornis had relatively shorter and stouter legs than

Dasornis (Figure 8.2E and F), and was possibly

more clumsy on land. Altogether, these differ-

ences between the two morphotypes suggest

that Pelagornis was more narrowly specialized

for soaring flight than Dasornis. Pseudo-toothed

birds pertaining to theDasornismorphotype were

more generalists and could probably use flapping

flight, even if limited. In contrast, Pelagornis was

most likelyunable of sustainedflappingflight, and

had to rely almost entirely onwinds to provide lift

(Olson, 1985).

The following institutional abbreviations are

used in this chapter: AMNH, AmericanMuseum

of Natural History, New York, USA; BMNH

and NHM, Natural History Museum, London,

United Kingdom; D1, Rhinopolis Association,

Gannat, France; LACM, Natural History

Museum of Los Angeles County, Los Angeles,

USA; MHNL, Muséum d’Histoire Naturelle de

Lyon, France; MNHN, Muséum National

d’Histoire Naturelle, Paris, France; MNHN-

LAC, Muséum National d’Histoire Naturelle,

Laboratoire d’Anatomie Comparée; OCP.DEK/

GE, Office Chérifien des Phosphates, Direction

des Exploitations de Khouribga, Service Géolo-

gie, Maroc; USNM,NationalMuseum ofNatural

History, Washington, USA.

PHYLOGENETIC ANALYSIS

The initial character–taxon matrix including the

Odontopterygiformes provided in Bourdon [2005,

2006a]was revised and expanded for the purpose of

this study. The present matrix comprises 21 taxa

and 128 osteological characters. A list of charac-

ters included in the analysis is provided in Appen-

dix 8A, and the character–taxon matrix is shown

in Appendix 8B. Outgroup taxa now comprise

three Mesozoic nonneornithine Ornithurae,

Apsaravis (Clarke & Norell, 2002), Hesperornis

(Marsh, 1880; Witmer & Martin, 1987; B€uhler

et al., 1988; Witmer, 1990; Elzanowski, 1991)

and Ichthyornis (Marsh, 1880; Clarke, 2004).

Odontopterygiform taxa included in the ingroup

are Dasornis and Pelagornis/Osteodontornis

(see above). Anatomical terminology of character

descriptions follows Baumel et al. (1993), and

Livezey & Zusi (2006) unless stated otherwise.

The parsimony analysis was performed

using PAUP�4b10 (Swofford, 1998) and Winclada

(Nixon, 1999). The 13multistate characters (1, 48,

54, 55, 65, 88, 98, 100, 110, 112, 113, 114 and 123)

were treated as ordered. The branch-and-bound

search option was used for the PAUP� program.

Node support was assessed using Bremer-support

indices (Bremer, 1994), calculated by searching
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suboptimal trees up to 18 extra steps with the

branch-and-bound search option of PAUP�. Cla-

distic analysis of the character–taxon matrix in

Appendix 8B resulted in one most parsimonious

tree (Length¼ 207; CI¼ 0.7; RI¼ 0.79), which is

shown in Figure 8.3. Only major results are pro-

vided here. Readers are referred to the caption of

Figure 8.3 for a complete list of unambiguous

synapomorphies. In the consensus tree, Neor-

nithine birds split into a well-supported clade

(Galliformes plus Palaeognathae) on one side

and a poorly supported clade comprising all

remaining modern birds on the other side.

The latter clade includes the strongly supported

Odontoanserae (Anseriformes plus Odontoptery-

giformes) and a loosely supported clade compris-

ing all other neoavian groups included in the

study.

The monophyly of the Odontoanserae (Odon-

topterygiformes plus Anseriformes) is based on

18 characters (Figures 8.4 and 8.5), one of which

is homoplastic: origin of the musculus extensor

carpi ulnaris on the humerus forming two distinct

concavities surrounded by a prominent ridge of

evenwidth (character 48; Bourdon, 2005, figure 3).

Seventeen uniquely derived characters support

the Odontoanserae clade: condylus occipitalis

pedonculate, large and bilobate (character 54;

Figure 8.4A); processus rostropterygoideus pres-

ent, lipped, with basal support (character 55;

Figure 8.4A; Bourdon, 2005, figure 3); processus

paroccipitalis strongly protruding caudoventrally,

caudally convex, with wide lateral side for origin

of musculus depressor mandibulae; the processus

is continuous with stout processus lateralis para-

sphenoidalis and ala parasphenoidalis, so that the

cavitas tympanica is deeply recessed (character 56;

Figure 8.4A and B); processus postorbitalis stout

and projecting obliquely rostrally beneath orbita

(character 57; Figure 8.4A and B); lamina parasphe-

noidalis caudorostrally narrow and triangular in

shape with tuberculum basilare at caudal corner

and curved caudal border close to but higher than

condylus occipitalis; fossa subcondylaris deep

(character 58; Figure 8.4A); cranium with impres-

sio musculi adductoris mandibulae externus pars

coronoidea in medial position (character 59;

Figure 8.4A; Bourdon, 2005, figure 3); os meseth-

moidale well developed rostrally, showing

deep depression for concha caudalis in caudal

half and conspicuous oblique column bordering

this depression rostroventrally (character 61;

Figure 8.4A; Bourdon, 2005, figure 3); lateral

border of os lacrimale above processus orbitalis

Hesperornis
Ichthyornis

Apsaravis

Galliformes
Rheidae
Tinamidae
Anseriformes
Pelagornis/Osteodontornis
Dasornis
Phoenicopteridae
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Suloidea
Phaethontidae
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Podicipedidae
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Fig. 8.3 Single most parsimonious tree showing the

phylogenetic position of Odontopterygiformes within

modern birds. Length (L), 207; consistency index (CI),

0.7; retention index (RI), 0.79. Numbers above branches

correspond to Bremer-support indices. List of unambig-

uous synapomorphies (homoplastic ones marked with

an asterisk): node A: 2(0)�; node B: 3(1), 4(1), 5(1), 6(1);

node C: 7(1), 8(1), 9(1), 10(1), 11(1), 12(1), 13(1), 14(1), 15

(1), 16(1), 17(1)�, 18(1), 19(1), 20(1), 21(1), 23(1), 24(1)�, 25
(1), 26(1); node D: 27(1), 28(1), 29(1), 30(1), 34(0)�, 54(0)�;
nodeE: 46(1)�, 49(1); nodeF: 1(2), 48(2)�, 54(2), 55(2), 56(1),
57(1), 58(1), 59(1), 61(1), 62(1), 63(1), 64(1), 65(1), 66(1), 67

(1), 68(1), 69(1), 71(1); node G: 1(3), 54(3), 65(2), 72(1), 73

(1), 74(1), 75(1), 76(1), 77(1), 78(1)�, 79(1), 80(1)�, 81(1), 82
(1)�, 83(1), 84(1), 85(1), 86(1), 87(1); node H: 54(0)�, 88(1),
89(1); node I: 123(1), 124(1); node J: 123(2), 125(1), 126(1),

127(1), 128(1); node K: 88(2), 109(1)�, 110(1), 111(1), 112
(1), 113(1), 114(1); node L: 110(2), 112(2), 113(2), 114(2),

115(1), 116(1); nodeM: 113(3), 117(1)�, 118(1), 119(1), 120
(1), 121(1), 122(1); node N: 90(1), 91(1), 92(1); node O: 78

(1)�, 93(1)�, 94(1), 95(1); node P: 4(0)�, 98(2), 99(1), 100(1),
101(1), 102(1); node Q: 98(3), 100(2), 103(1)�, 104(1)�, 105
(1), 106(1), 107(1), 108(1).
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forming an elongated, vertical and slightly con-

cave facet that is roughly parallel to the long axis

of the cranium; surface between ossa lacrimales

concave from side to side; apex of maxilla a flat to

slightly concave triangular surface just rostral to

abrupt zona flexoria craniofacialis (character 62;

Figure 8.4C); processus mandibularis of os quad-

ratum with 2 condylae, the condylus medialis

being distinctly rostral to the condylus lateralis

(character 1; Figure 8.4D); extremitas distalis

humeri: condylus ventralis round, distally prom-

inent, with well-marked caudal border distinctly

cranial to fossa olecrani and in the same plane

as condylus dorsalis; wide and deep incisura inter-

condylaris (character 63; Figure 8.5B; Bourdon,

2005, figure 1e); extremitas proximalis ulnae

wider than it is deep, with strongly convex facies

caudodorsalis showing impressio musculi scapu-

lotricipitalis in distodorsal position; flat cotyla

dorsalis with straight cranial border and pointed

extremity; depression for attachment of meniscus

radioulnaris poorly developed (character 64;

Figure 8.5C); extremitas distalis ulnae forming

an isosceles triangle with condylus dorsalis,

Fig. 8.4 Illustrated synapomorphies of the clades Odontoanserae and Galliformes–Palaeognathae. Taxa are enumer-

ated from left to right. (A)Crania in ventral view:Nothoprocta ornataAMNH6500,Lophura erythrophthalmaAMNH

4820,CairinamoschataAMNH 11024 andDasornis toliapicaOCP.DEK/GE 1044. (B) Crania in right lateral view:N.

ornata AMNH 6500, L. erythrophthalma AMNH 4820, C. moschata AMNH 11024 and D. toliapica OCP.DEK/GE

1076. (C) Crania in dorsal view: L. erythrophthalma AMNH 4820, Chloephaga sp. MNHN-LAC 1884-848 and D.

toliapica BMNH 44096. (D) Right ossa quadrati in ventral view: Tetrao urogallus AMNH 12662, Anseranas semi-

palmata MNHN-LAC 2004-151 and D. toliapica BMNH 44096. Not to scale.
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Fig. 8.5 Illustrated synapomorphies of the clades Odontoanserae and Galliformes–Palaeognathae. Taxa are enumer-

ated from left to right. (A) left ossa coracoidei in dorsal view: Rhynchotus rufescens AMNH 3533, Tetrao urogallus

AMNH 12662 and Anas platyrhynchos AMNH 27864. (B) right humeri in caudal view: R. rufescens AMNH 3533,

LophuraerythrophthalmaAMNH4820and reversedA.platyrhynchosAMNH21525. (C) Proximal endsof leftulnae in

proximal view: Tinamus solitariusAMNH 21983, L. erythrophthalmaAMNH 4820,A. platythynchosAMNH27864

and Dasornis toliapica BMNH 44096. (D) Distal ends of right ulnae in distal view: R. rufescens AMNH 3533, L.

erythrophthalmaAMNH4820,A.platyrhynchosAMNH27864andD. toliapicaOCP.DEK/GE1198. (E)Proximalends

of left radii in caudal view: T. urogallus AMNH 12662, A. platyrhynchos AMNH 27864 andDasornis emuinusOCP.

DEK/GE 1224. (F) Proximal ends of left carpometacarpi in ventral view: Argusianus argus MNHN-LAC 1972-86,

Chloephaga sp.MNHN-LAC1884-848 andD. toliapicaOCP.DEK/GE1152. (G)Distal parts of right carpometacarpi in
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condylus ventralis and tuberculum carpale of

same width and smooth aspect; base of tubercu-

lum carpale prominent, thick and oblique (char-

acter 65; Figure 8.5D); radius, ventral border of

cotyla humeralis convex, forming distinct over-

hang and continuous with caudal edge of tubercu-

lum bicipitale; surface dorsal to the latter and

distal to facies articularis ulnaris flat and triangu-

lar (character 66; Figure 8.5E); processus pisiformis

of carpometacarpus thick and prominent, with

proximal border reaching trochlea carpalis;

rostral border extending far distally and roughly

paralleling the long axis of corpus (character 67;

Figure 8.5F); carpometacarpus, facies ventralis:

long symphysis metacarpalis distalis with os

metacarpale minus close and nearly parallel to

os metacarpale majus, which shows curved

median ridge; high and well-defined caudal protu-

berance on facies articularis digitalis major (char-

acter 68; Figure 8.5G); tibiotarsus with wide

incisura intercondylaris extending onto proximal

part of condylus medialis; the latter protrudes

more rostrally and is narrower than condylus

lateralis (character 69; Figure 8.5H); tarsometatar-

sus, plantar side of trochlea metatarsi III promi-

nent, elongated with pointed extremity, slightly

oblique; foramen vasculare distale in low position

with a recessed opening (character 71; Figure 8.5I).

The Galliformes are grouped with the Palaeog-

nathae (represented here by two taxa, namely

Tinamidae and Rheidae) on the basis of 19 synap-

omorphies, two of which are homoplastic:

humerus, linea musculi latissimi dorsi either in

median position between margo dorsalis and

margo ventralis or closer to margo ventralis

(character 17; Figure 8.5B); proximal part of

facies caudalis of corpus tibiotarsi flat (character

24). Seventeen strict synapomorphies support

the monophyly of the clade Galliformes þ

Palaeognathae: processus paroccipitalis, a thick

hemispherical flange completely enclosing

the middle ear region caudally (character 7;

Figure 8.4A and B); ala parasphenoidalis greatly

thickened, cancellous, with evenly curved border

(character 8; Figure 8.4AandB); aperturanasi ossea

of large size, bounded caudally by very thin

processus maxillaris of os nasale (character 9);

sternum showing greatly elongated and stout pro-

cessus craniolaterales with rostrolateral orienta-

tion (character 10); facies articularis humeralis

scapulae strongly protruding, caudocranially

short, roughly round in shape, and facing

dorsally (character 11); os coracoideum:

indistinct facies articularis scapularis and short

blunt processus procoracoideus located either at

the level of or slightly omal to the former (char-

acter 12; Figure 8.5A); os coracoideum, corpus

coracoidei straight, slender, elongated, mediolat-

erally compressed and ventrally convex; facies

articularis sternalis thick and narrow (character

13; Figure 8.5A); caput humeri caudocranially

thick and rectangular in shape (character 14;

Figure 8.5B); humerus showing prominent ridge

joining crista dorsale fossae and caput humeri, and

continuous with edge of blunt tuberculum ven-

trale (character 15; Figure 8.5B); humerus, caudal

surface of crista deltopectoralis convex and bear-

ing proximodistally elongated impressio musculi

supracoracoideus (character 16; Figure 8.5B);

corpus humeri sigmoid, widening and flattening

towards extremitas distalis, which shows

smooth facies dorsalis; well developed processus

flexorius that protrudes mediodistally (character

18; Figure 8.5B); extremitas proximalis ulnae,

cotylae forming single flat surface and crista inter-

cotylaris absent (character 19; Figure 8.5C); ulna

strongly bowed and dorsoventrally compressed

(character 20); extremitas distalis ulnae with

Fig. 8.5 (Continued) ventral view: A. argus MNHN-LAC 1972-86, Chloephaga sp. MNHN-LAC 1884-848 and D.

toliapica OCP.DEK/GE 1102. (H) Distal ends of right tibiotarsi in rostral view: R. rufescens AMNH 3533, L.

erythrophthalmaAMNH4820,Chloephaga sp.MNHN-LAC 1884-848 andD. toliapicaOCP.DEK/GE 1152. (I) Distal

ends of right tarsometatarsi in plantar view:R. rufescensAMNH3533, L. erythrophthalmaAMNH4820,C.moschata

AMNH 11024 and D. toliapica reversed OCP.DEK/GE 1146. Not to scale.

3
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poorly defined sulcus intercondylaris plus condy-

lus ventralis (character 21; Figure 8.5D); carpome-

tacarpus, os metacarpale majus dorsally flat with

sulcus tendinosus in extreme rostral position; os

metacarpale minus curved, caudocranially flat-

tened and longer than os metacarpale majus, so

that facies articularis digitalis minor markedly

distal to facies articularis digitalismajor (character

23; Figure 8.5G); extremitas distalis tibiotarsi:

condylae wide, parallel to each other, caudocra-

nially short and proximodistally high; condylus

medialis protruding more rostrally than round

condylus lateralis (character 25; Figure 8.5H); tar-

sometatarsus, trochlea metatarsi III widening

towards extremity and elongated at the base; in

plantar aspect, the trochlea is short and distinctly

asymmetrical, its lateral part extending further

proximally than its medial one (character 26;

Figure 8.5I).

ODONTOPTERYGIFORMES AND EARLY

NEORNITHINE EVOLUTION

The present study reinforces the hypothesis that

pseudo-toothed birds and ducks are each other’s

closest relatives (Bourdon, 2005). Interestingly,

a recent study of the brain and endocranium

of Lower Eocene birds from England provides

some support for this hypothesis (Milner &

Walsh, 2009): in contrast to Procellariiformes

and most ‘Pelecaniformes’, both Anseriformes

and Dasornis toliapica have the carotid rami

enclosed into bony tunnels and exhibit a long

anastomosis intercarotica. False-toothed birds

are part of large clade that mainly includes birds

adapted to aquatic life. Most species included in

the Anseranatidae-Anatidae clade are freshwater

birds and a few species live in the coastal zone (del

Hoyo et al., 1992). A few anseriforms depart from

the ecology of “typical” ducks, such as the screa-

mers that live in flooded open areas (del Hoyo

et al., 1992), and the extinct Dromornithidae,

large flightless birds of the Tertiary and Pleisto-

cene of Australia (Murray & Vickers-Rich, 2004).

Though Odontopterygiformes are fully aquatic

birds, their habits are very distinct from those of

their close relatives. The life reconstruction

of Dasornis proposed here is based mainly on

albatross morphology (Figure 8.6) because the

elongated and straight forelimb bones of the

pseudo-toothed birds are reminiscent of the wing

proportions of extant albatrosses (Diomedeidae).

Osteodontornis orri (Feduccia, 1999, p. 192) is

represented with a naked gular pouch and an elon-

gated, S-shaped neck based on ‘‘pelecaniform’’

morphology, especially that of the Pelecanidae.

A naked gular pouch has been shown to be syna-

pomorphic for the Steganopodes (Cracraft, 1985;

Mayr, 2003) and a kinked neck is found in

Fig. 8.6 Reconstruction of the early Tertiary pseudo-
toothed bird Dasornis toliapica, based on fossils from
Paleocene–Eocene strata of Morocco and from Eocene
strata of England. [This figure appears in color as Plate 8.6.]
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Steganopodes (Pelecanidae, Phalacrocoracidae,

Anhingidae) and in their closest relatives

(Figure 8.3), the Ardeidae. I have chosen not to

represent these features inmyown reconstruction,

first because the false-toothedbirds are sister to the

Anseriformes, and second because the few illus-

trated pelagornithid cervical vertebrae appearmas-

sive and not caudocranially elongated as in

pelicans (Howard, 1957, figures 2, 3; Olson &

Rasmussen, 2001, plate 11h; Chavez et al., 2007,

figure 4).

In recent decades, the vast majority of studies,

both molecular and morphological, have shown

that the first divergence within modern birds

separates thePalaeognathae fromtheNeognathae,

and that the latter taxon splits into Galloanserae

(Galliformes plus Anseriformes) and Neoaves (all

remaining neognathous birds; e.g. Groth &

Barrowclough, 1999; van Tuinen et al., 2000;

Cracraft & Clarke, 2001; Mayr & Clarke, 2003;

Chubb, 2004; Cracraft et al., 2004; Fain &

Houde, 2004; Simon et al., 2004; Harshman, 2007;

Hugall et al., 2007; Livezey&Zusi, 2007; Hackett

et al., 2008). In spite of the fact that classical

osteological characters supporting themonophyly

of theNeognathae (characters 31–45) andGalloan-

serae (characters 50–55) were included in the pres-

ent analysis (Livezey, 1986, 1997; Cracraft, 1988;

Ericson, 1997; Cracraft & Clarke, 2001; Clarke &

Norell, 2002; Mayr & Clarke, 2003; Livezey &

Zusi, 2006), the Galliformes are grouped with

the Palaeognathae, which are represented by

two taxa in this study: Tinamidae and Rheidae.

This result not only refutes the hypothesis of

Galloanserae monophyly, but also contradicts

the Paleognathae/Neognathae dichotomy, which

has been established since the dawn of the Twen-

tieth Century (Pycraft, 1900).

An alliance between Anseriformes and Galli-

formes came from the idea that the screamers

(Anhimidae) bear some resemblances with

gallinaceous birds (Huxley, 1867; Garrod, 1873,

1874, 1876; Seebohm, 1889; Shufeldt, 1901;

Mayr & Amadon, 1951). The weakness of this

hypothesis is that the osteological synapomor-

phies of the Galloanserae are only cranial.

Surprisingly, not a single convincing postcranial

character of the Galloanserae has ever been

proposed. I have been unable to distinguish

the character states defined in the character

2073 of Livezey & Zusi (2006), which deals

with the shape of the cristae cnemiales tibiotarsi.

Olson & Feduccia (1980b) stated: “The most

current hypothesis is that the Anseriformes are

related to the Galliformes. . .the morphological

basis for this rests on the alleged similarities in

the pterygoid–parasphenoid articulation and the

retroarticular process of the mandible in the two

groups. Were it not for this and the superficially

fowl-like appearance of the bill of screamers, it is

extremely doubtful that a relationship between

ducks and galliforms would ever have been enter-

tained, for all other aspects of theirmorphology are

so utterly different.”

Although basal divergences of modern birds are

now regarded as fully resolved, a small minority

of authors have continued to debate the pairing of

GalliformeswithAnseriformes in theGalloanserae

(Olson & Feduccia, 1980a,b; Ericson, 1996;

Hope, 2002). Some cladistic analyses based onmor-

phology (Ericson, 1997; Clarke & Chiappe, 2001;

Ericson et al., 2001; Bourdon, 2005) or DNA

sequences (Ericson et al., 2001) have supported

an initial split of the Neognathae into Galliformes

and all remainingNeognathae. Furthermore, it is of

interest tonote that variousmolecular studieshave

challenged the Palaeognathae–Neognathae dichot-

omy in the past two decades. Galloanserae are

grouped with the Palaeognathae in the large

DNA–DNA hybridization study by Sibley & Ahl-

quist (1990, figure 353). Nonetheless, this result

comes from an unrooted tree obtained by average

linkageclustering ofDNA–DNAhybridizationdis-

tances. Some phylogenetic studies based on par-

tially complete to complete mitochondrial DNA

genomes have proposed that the closest relatives of

the Palaeognathae are either the Galloanserae

(Mindell et al., 1997, 1999; Haring et al., 2001) or

theGalliformes (H€arlid et al., 1998; H€arlid&Arna-

son, 1999). They suggest that the paleognathous

characteristics have been secondarily acquired

from the corresponding morphological features

characterizing neornithine birds. It appears,

however, that these mtDNA studies are based on
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a limited taxon sampling and suffer from an out-

group problem (Garc�ıa-Moreno et al., 2003). In fact,

a study based on four mitochondrial genes, with a

larger taxon sampling and both turtles

and crocodiles used as outgroups, supports the

traditional Paleognathae–Neognathae dichotomy

(Garc�ıa-Moreno et al., 2003).

Formerly, many taxonomists used morphology

(e.g. osteology, pterylosis) as evidence for a close

relationship between gallinaceous birds and

paleognathous birds, especially the tinamous

(see Sibley & Ahlquist (1990) for a review). The

clade Galliformes–Palaeognathae proposed here

(Figure 8.3) is based on a new set of osteological

characters that were found while revising the

previous phylogeny by Bourdon (2005). None of

these features occur in the three nonneornithine

Ornithurae used for outgroup comparison. In the

present context, similarities between Galliformes

and Palaeognathae are reinterpreted as derived

within modern birds. These comprise cranial as

well as postcranial characters including features of

the pectoral girdle, wing and hindlimb.

At present, the earliest representatives of the

pseudo-toothed birds are late Paleocene in age

(Harrison, 1985; Averianov et al., 1991; Bour-

don, 2005, 2006a,b). The phylogenetic placement

of the late Maastrichtian Vegavis from Antarctica

(Clarke et al., 2005) provides the first reliable

record of a modern bird in the Cretaceous and

the earliest certain record for the Anseriformes.

This discovery refutes a proposed early Tertiary

origin of modern birds (Feduccia, 1995, 2003) and

implies that the age of diversification of the

Odontoanserae is older than Late Cretaceous.

The tree proposed here may constitute the first

step towards an alternative view of the history of

modern birds. Here I suggest that the Neognathae

are paraphyletic, and that the oldest divergence

within Neornithes might not be the currently

recognized one. Whether the Galliformes–

Palaeognathae clade is either set apart from all

remaining modern birds or nested within the

Neornithes remains to be solved, as the clade

comprising all neornithine birds except

Galliformes and Palaeognathae is not well sup-

ported in the present study. Moreover, further

work is needed to assess the phylogenetic position

of the Odontoanserae within modern birds. The

next stepwould be to include representatives of all

order-level neornithine groups, including key

Cretaceous–Paleogene fossils. This would permit

the assessment of the number of diversification

events that punctuated thehistory ofmodernbirds

prior to the Late Cretaceous, and the evaluation of

their degree of survivorship at the K–P boundary.
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APPENDIX 8A

1 Os quadratum, processus mandibularis: not

as follows (0);with3 condylae (1) (Livezey, 1997,

character 51, modified); 2 condylae, and condy-

lus medialis distinctly rostral to condylus later-

alis (2) (Livezey, 1997, character 52, modified);

condylus medialis with protruding caudolateral

corner (3) (Bourdon, 2005, character 25).

2 Mandibula, os dentale, ossified symphysis

mandibularis: no (0); yes (1) (Mayr &

Clarke, 2003, character 42).

3 Humerus, crista deltopectoralis with cranial

deflection: no (0); yes (1) (Clarke &

Norell, 2002, character 112). This is coded

nonapplicable in Hesperornis.

4 Humerus with well marked fossa pneumotri-

cipitalis bearing foramenpneumaticum:no (0);

yes (1) (see Clarke & Norell, 2002, character

118; Mayr & Clarke, 2003, character 77).
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5 Tibiotarsus, ossified pons supratendineus: no

(0); yes (1) (Clarke & Norell, 2002, character

180; Mayr & Clarke, 2003, character 100).

6 Tarsometatarsus, corpus tarsometatarsi, facies

plantaris distinctly angular-convex, with well

marked cristae et sulci: no (0); yes (1) (Livezey

& Zusi, 2006, character 2294).

7 Os exoccipitale, processus paroccipitalis

a thick hemispherical flange completely

enclosing the middle ear region caudally: no

(0); yes (1).

8 Ala parasphenoidalis greatly thickened,

cancellous, with evenly curved border: no

(0); yes (1).

9 Apertura nasi ossea of large size, bounded

caudally by very thin processus maxillaris of

os nasale: no (0); yes (1). The processus max-

illaris of os nasale is secondarily thickened in

most Galliformes.

10 Sternum, greatly elongated and stout proces-

sus craniolaterales with rostrolateral orienta-

tion: no (0); yes (1).

11 Scapula, facies articularis humeralis strongly

protruding, caudocranially short, roughly

round in shape, and facing dorsally: no (0);

yes (1). This is coded nonapplicable for

Rheidae.

12 Os coracoideum: indistinct facies articularis

scapularis and short blunt processus procora-

coideus located either at the level of or slightly

omal to the former: no (0); yes (1) (modified

from Ericson, 1997, p. 451). This is coded

nonapplicable for Rheidae.

13 Os coracoideum, corpus coracoidei straight,

slender, elongated, mediolaterally compressed

and ventrally convex; facies articularis sterna-

lis thick and narrow: no (0); yes (1). This is

coded nonapplicable for Rheidae.

14 Humerus, caput humeri caudocranially thick

and rectangular in shape: no (0); yes (1).

15 Humerus: prominent ridge joining crista dor-

sale fossae and caput humeri, continuous with

edge of blunt tuberculum ventrale: absent (0);

present (1). This is coded nonapplicable for

Rheidae, in which the caput humeri and the

tuberculum ventrale are fused into one single

structure.

16 Humerus, caudal surface of crista deltopector-

alis convex and bearing proximodistally elon-

gated impressio musculi supracoracoideus: no

(0); yes (1) (Ericson, 1997, p. 455, modified). In

Rheidae, the impressio is displaced distally;

this is regarded as an autapomorphic feature.

This is coded nonapplicable in Hesperornis.

17 Humerus, lineamusculi latissimi dorsi: closer

to margo dorsalis (0); in median position

between margo dorsalis and margo ventralis

or closer to margo ventralis (1) (modified from

Bourdon, 2005, character 11).

18 Humerus, corpus humeri sigmoid, widening

and flattening towards extremitas distalis,

which shows smooth facies dorsalis (no

marked sulci); well developed processus

flexorius that protrudes mediodistally: no (0);

yes (1).

19 Ulna, extremitas proximalis: cotyla dorsalis

and cotyla ventralis forming single flat surface;

crista intercotylaris absent: no (0); yes (1).

20 Ulna strongly bowed and dorsoventrally

compressed: no (0); yes (1).

21 Ulna, extremitas distalis, poorly defined

sulcus intercondylaris and condylus ventralis

(modified from Ericson, 1997, 458): no (0);

yes (1).

22 Radius, distal part of corpus strongly twisted

dorsally: no (0); yes (1).

23 Carpometacarpus: os metacarpale majus

dorsallyflatwith sulcus tendinosus in extreme

rostral position; os metacarpale minus

curved, caudocranially flattened and longer

than os metacarpale majus, so that facies

articularis digitalis minor markedly distal to

facies articularis digitalis major: no (0); yes (1).

Due to their highly apomorphic condition,

the Rheidae are coded nonapplicable for this

character.

24 Tibiotarsus, proximal part of facies caudalis

of corpus: convex (0); flat (1) (modified from

Bourdon, 2005, character 16). This is coded

variable (nonapplicable) in the Suloidea.

25 Tibiotarsus, extremitas distalis: condylae

wide, parallel to each other, caudocranially

short and proximodistally high; condylusmed-

ialis protruding more rostrally than round
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condylus lateralis: no (0); yes (1). In Rheidae,

the condylae are continuous with each other

and truncated proximally; this is regarded as an

autapomorphic feature.

26 Tarsometatarsus, trochlea metatarsi III: wid-

ening towards extremity and with elongated

base; in plantar aspect, the trochlea is short

and distinctly asymmetrical, its lateral part

extending further proximally than its medial

one: no (0); yes (1). In Rheidae, the two plantar

edges of trochlea metatarsi III are equal in

length; this is regarded as an autapomorphic

feature.

27 Os exoccipitale, nervus vagus and nervus

glossopharyngeus exiting via single common

foramen: no (0); yes (1) (Pycraft, 1900, p. 173).

28 Basis rostri parasphenoidalis showing paired

elongated processus basipterygoidei: no (0); yes

(1) (e.g. Pycraft, 1901).

29 Fossa temporalis, impressio musculi adductor

mandibulae externus, pars coronoidea (Zusi

and Livezey, 2000) indistinct and area of origin

of musculus pseudotemporalis superficialis

laterally facing and greatly enlarged: no (0);

yes (1).

30 Os quadratum, processus oticus, capitula con-

tinuous with each other and forming a single,

lateromedially wide surface: no (0); yes (1).

31 Tuba auditiva opening close tomid-line: no (0);

yes (1) (Cracraft, 1988;Cracraft&Clarke, 2001,

character 12; Clarke &Norell, 2002, character

27;Mayr&Clarke, 2003, character 29; Livezey

& Zusi, 2006, character 126).

32 Sutura frontoparietalis: not obliterated in

adults (0); obliterated in adults (1) (Clarke &

Norell, 2002, character 51; Mayr & Clarke,

2003, character 32; Livezey & Zusi, 2006,

character 213).

33 Os palatinum meets its counterpart at mid-

line, contacts rostrum parasphenoidale plus os

premaxillare, and has only simple, primarily

dorsoventral articulatio pterygo-palatina

(Cracraft, 1988; Ericson, 1997, p. 441; Cracraft

& Clarke, 2001, characters 6–8; Clarke &

Norell, 2002, characters 15–16;Mayr&Clarke,

2003, character 22; Livezey& Zusi, 2006, char-

acters 579 and 601).

34 Os quadratum, facies articularis pterygoidea

condylar, forming well-projected tubercle:

no (0); yes (1) (Clarke&Norell, 2002, character

32; Livezey & Zusi, 2006, characters 523

and 600).

35 Os quadratum, processus oticus, incisura

between cotylae squamosum et oticum (dou-

ble headed cranial articulation): no (0); yes (1)

(Cracraft, 1988; Cracraft & Clarke, 2001, char-

acter 18; Clarke & Norell, 2002, character 36).

36 Costa vertebralis and processus uncinatus

completely synostosed in adults: no (0); yes

(1) (Livezey & Zusi, 2006, character 1096).

37 Sternum, corpus sterni, facies muscularis

sterni, lineae intermusculares: absent (0); pres-

ent (1) (Clarke & Norell, 2002, character 77;

Livezey & Zusi, 2006, character 1106).

38 Humerus, distinct fossa musculi brachialis:

absent (0); present (1) (seeMayr&Clarke, 2003,

character 79). This is coded nonapplicable in

Hesperornis.

39 Humerus, well-developed sulcus scapulotrici-

pitalis: absent (0); present (1) (see Clarke

& Norell, 2002, character 127; Mayr &

Clarke, 2003, character 81; Livezey &

Zusi, 2006, character 1488). This is coded

non applicable in Hesperornis.

40 Ilium forming the major part of tuberculum

preacetabulare: no (0); yes (1) (Livezey &

Zusi, 2006, character 1809).

41 Fenestra ilioischiadica (synchondrosis

ilioischiadica caudalis): absent (0); present (1)

(Clarke &Norell, 2002, character 154; Mayr &

Clarke, 2003, character 94; Livezey &

Zusi, 2006, characters 1789 and 1953).

42 Tibiotarsus, facies articulares medialis

et lateralis well delimited mutually by area

interarticularis and fossae retrocristales: no

(0); yes (1) (Livezey & Zusi, 2006, character

2068).

43 Tibiotarsus, caput tibiotarsi, facies articularis

fibularis present as a short ridge extending

distal to margo capitis: no (0); yes (1) (see

Livezey & Zusi, 2006, character 2108).

44 Tibiotarsus, os tibiale forming only condylus

lateralis of extremitas distalis tibiotarsi: no (0);

yes (1) (Livezey & Zusi, 2006, character 2209).
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45 Tarsometatarsus, hypotarsus with well devel-

oped cristae and sulci: no (0); yes (1) (modified

from Clarke & Norell, 2002, character 192;

Mayr & Clarke, 2003, character 103; Livezey

& Zusi, 2006, character 2217).

46 Humerus, tuberculum ventrale: poorly

developed (0);well developed (1) (Ericson, 1997,

p. 455).

47 Humerus, processus flexorius, origin of mus-

culus flexor carpi ulnaris: caudal scar absent or

indistinct (0); caudal scar a well-marked con-

cavity (1) (see Ericson, 1997, p. 457). This is

coded nonapplicable in Hesperornis and

Rheidae.

48 Humerus, origin of musculus extensor carpi

ulnaris: poorly marked and shallow (0);

forming two distinct concavities (1); forming

two distinct concavities surrounded by prom-

inent ridge of even width (2) (Bourdon, 2005,

character 13). This is coded nonapplicable in

Hesperornis.

49 Ulna, cotyla dorsalis and cotyla ventralis in the

sameplane,with crista intercotylaris absent to

poorly developed (0); cotylae not in the same

plane and distinctly separated by well-

developed crista intercotylaris (1) (Bour-

don, 2005, character 14; see also Livezey &

Zusi, 2006, character 1497). This is coded non-

applicable in Hesperornis.

50 Basis cranii externawith deep fossa parabasalis

and strongly convex lamina parasphenoidalis

meeting rostrumparasphenoidale at very acute

angle: no (0); yes (1) (Mayr & Clarke, 2003,

character 26; Livezey & Zusi, 2006, character

117).

51 Mandibula, long slender and dorsally oriented

processusmedialis: absent (0); present (1) (Cra-

craft & Clarke, 2001, character 41; Mayr &

Clarke, 2003, character 45).

52 Mandibula, processus retroarticularis long,

curving, strongly compressed lateromedially:

absent (0); present (1) (Cracraft &Clarke, 2001,

character 42; Mayr & Clarke, 2003, character

44). This is coded present in Phoenicopteridae.

53 Os quadratum, processus oticus, well devel-

oped eminentia articularis (Lowe, 1926):

absent (0); present (1) (Livezey, 1997, character

49, modified; Mayr & Clarke, 2003, character

35).

54 Condylus occipitalis: not as follows (0);

strongly bilobate (1) (modified from Livezey,

1997, character 1); pedonculate, large and bilo-

bate (2); very large (3) (modified from Bour-

don, 2005, character 48). In Galliformes, the

condylus occipitalis is sessile and smaller than

in Odontoanserae. Galliformes are thus

assigned state 1.

55 Processus rostropterygoideus (Weber, 1996):

absent (0); present as an inconspicuous

surface without basal support (1); present,

lipped, with basal support (2) (Livezey, 1986,

character 20).

56 Os exoccipitale, processus paroccipitalis:

strongly protruding caudoventrally, caudally

convex, with wide lateral side for origin of

musculus depressor mandibulae; the proces-

sus is continuous with stout processus later-

alis parasphenoidalis and ala parasphenoidalis,

so that the cavitas tympanica is deeply

recessed: no (0); yes (1) (modified from Bour-

don, 2005, character 26). In Anhimidae, the

processus is rostrally curved; this is regarded

as an autapomorphic feature.

57 Processus postorbitalis stout and projecting

obliquely rostrally beneath orbita: no (0); yes

(1) (Murray and Vickers-Rich, 2004, p. 152,

modified).

58 Lamina parasphenoidalis caudorostrally nar-

row and triangular in shape with tuberculum

basilare at caudal corner and distinct curved

caudal border that is close to but higher than

condylus occipitalis; fossa subcondylaris deep:

no (0); yes (1) (modified from Bourdon, 2005,

character 49).

59 Impressio musculi adductoris mandibulae

externus, pars coronoidea (Weber, 1996) in

medial position: no (0); yes (1) (see Bour-

don, 2005, character 27).

60 Sutura lacrimofrontalis and/or sutura lacrimo-

nasalis obliterated in adults: no (0); yes (1) (see

Cracraft, 1968; Harrison & Walker, 1976;

Olson, 1985, fig. 10; Ericson, 1997, p. 440).

This is coded nonapplicable for Anseriformes

given that the condition is variable in this
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taxon. Ciconiidae are assigned state 0 given

this is the most common condition found

in this taxon.

61 Os mesethmoidale well developed

rostrally, showing deep depression for

concha caudalis in caudal half and conspicu-

ous oblique column bordering this depression

rostroventrally: no (0); yes (1) (Bourdon, 2005,

character 28).

62 Craniumandmaxilla: not as follows (0); lateral

border of os lacrimale above processus orbitalis

an elongated, vertical and slightly concave

facet roughly parallel to long axis of cranium;

surface between ossa lacrimales concave from

side to side; apex of maxilla a flat to slightly

concave triangular surface just rostral to

abrupt zona flexoria craniofacialis (1) (Bour-

don, 2005, character 29, modified). In Anhimi-

dae, the roof of the orbit is greatly widened and

swollen, extending beyond the lateral border of

os lacrimale. This is regarded as an autapo-

morphic feature.

63 Humerus, extremitas distalis: condylus

ventralis round, distally prominent, with

well-marked caudal border distinctly cranial

to fossa olecrani and in the same plane as

condylus dorsalis; incisura intercondylaris

wide and deep: no (0); yes (1) (Bourdon, 2005,

character 30, modified). In Anhimidae, the

incisura intercondylaris is narrower and

shallower and the condylus ventralis is dorso-

ventrally elongated so that its ventral border is

less distinct. This is regarded as an autapo-

morphic feature.

64 Ulna, extremitas proximalis wider than it is

deep, with strongly convex facies caudodorsa-

lis showing impressio musculi scapulotricipi-

talis in distodorsal position; flat cotyla

dorsalis with straight cranial border and

pointed extremity; depression for

attachment of meniscus radioulnaris poorly

developed: no (0); yes (1) (see Bourdon, 2005,

character 31).

65 Ulna, extremitas distalis: not as follows (0);

forming an isosceles triangle with condylus

dorsalis, condylus ventralis and tuberculum

carpale of same width and smooth aspect;

base of tuberculum carpale prominent, thick

and oblique (1) (modified from Bourdon, 2005,

character 32); base of tuberculum carpale

continuing far proximally (2). In Anhimidae,

the extremitas distalis ulnae is dorsoventrally

compressed and the caudal end of condylus

ventralis is pointed. This is regarded as an

autapomorphic feature.

66 Radius, ventral border of cotyla humeralis con-

vex, forming distinct overhang and continuous

with caudal edge of tuberculum bicipitale;

surface dorsal to the latter and distal to facies

articularis ulnaris flat and triangular: no (0);

yes (1) (modified from Bourdon, 2005,

character 33).

67 Carpometacarpus, thick and prominent

processus pisiformis with proximal border

reaching trochlea carpalis; rostral border

extending far distally and roughly paralleling

long axis of corpus: no (0); yes (1) (Bour-

don, 2005, character 34).

68 Carpometacarpus, facies ventralis: long

symphysis metacarpalis distalis with os meta-

carpale minus close and nearly parallel to os

metacarpale majus; the latter shows median

ridge that curves caudally at distal extremity;

high and well-defined caudal protuberance on

facies articularis digitalis major: no (0); yes (1)

(Bourdon, 2005, character 35).

69 Tibiotarsus, wide incisura intercondylaris

extending onto proximal part of condylusmed-

ialis; the latter protrudes more rostrally and is

narrower than condylus lateralis: no (0); yes (1)

(Bourdon, 2005, character 36).

70 Tarsometatarsus, crista medialis hypotarsi in

linewith plantaromedial corner of cotylamed-

ialis, which forms a proximally protruding

process: no (0); yes (1) (Bourdon, 2005, charac-

ter 37, modified). In Anhimidae, the process is

poorly developed. This is regarded as an auta-

pomorphic feature.

71 Tarsometatarsus, facies plantaris: trochlea

metatarsi III prominent, proximodistally

elongated with pointed extremity, slightly

oblique; low foramen vasculare distale with

recessed opening: no (0); yes (1) (Bourdon,

2005, character 38).
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72 Cotyla quadratica squamosi and cotyla

quadratica otici rostrally continuous: no (0);

yes (1) (Bourdon, 2005, character 50).

73 Maxilla, deep groove extending rostral and

caudal to minute apertura nasi ossea, which

is in distal position: absent (0); present (1)

(Bourdon, 2005, character 53).

74 Cristae tomiales: pseudo-teeth absent (0);

pseudo-teeth present (1) (Bourdon, 2005,

character 52).

75 Humerus: caput tapering ventrally and show-

ing dorsal prominence on facies cranialis that

extends distally; tuberculum dorsale dorso-

ventrally wide, distinctly separated from

caput, and continuing far distally as a smooth

convexity: no (0); yes (1) (Bourdon, 2005,

character 54).

76 Humerus, short sulcus transversus perpendic-

ular to long axis of corpus, sharply defined,

evenly tapering toward pointed ventral

extremity, and facing fully cranially: no (0),

yes (1) (Bourdon, 2005, character 55).

77 Humerus: distal part of lineamusculi latissimi

dorsi thick, well defined, close to margo

dorsalis and continuing far distally to

crista deltopectoralis, which extends far dis-

tally on corpus; impressio musculi pectoralis

low with evenly curved ventral border: no (0);

yes (1) (Bourdon, 2005, character 56,modified).

78 Corpus humeri straight: no (0); yes (1)

(Mayr, 2003, character 30).

79 Humerus, epicondylus dorsalis a very promi-

nent, proximodistally short convexity: no (0);

yes (1) (Bourdon, 2005, character 58).

80 Corpus ulnae straight: no (0); yes (1) (Bour-

don, 2005, character 59).

81 Radius, sharp crest extending from caput

radii to a point slightly distal to tuberculum

bicipitale: no (0); yes (1) (modified from Bour-

don, 2005, character 33).

82 Carpometacarpus, os metacarpale alulare

greatly elongated and parallel to os metacar-

pale majus: no (0), yes (1).

83 Carpometacarpus, proximal synostosis of os

metacarpale minus and os metacarpale

majus proximodistally elongated; distal to syn-

ostosis, os metacarpale minus nearly straight

with transverse section oval to cylindrical: no

(0), yes (1).

84 Femur, distinct triangular facet at mid height

of corpus femoris, located on facies caudalis

and close to facies medialis: absent (0); present

(1) (Bourdon, 2005, character 60).

85 Femur, prominent tuberculum musculi gas-

trocnemialis lateralis: absent (0); present (1)

(Bourdon, 2005, character 61).

86 Tibiotarsus, condylus medialis perpendicular

to long axis of corpus, strongly protruding

rostrally, showing convex proximal border

and lacking prominent crista trochleae: no

(0), yes (1) (Bourdon, 2005, character 62).

87 Tarsometatarsus, trochlea metatarsi II:

extending less far distally than trochlea meta-

tarsi IV, projecting plantarly, and having

smooth semicircular external edge higher

than internal one and continuous with proxi-

mally pointed process: no (0), yes (1) (see Bour-

don, 2005, character 63).

88 Temporal region: not as follows (0); with

well-developed processus zygomaticus disso-

ciated from os quadratum; large fossa tem-

poralis mainly occupied by musculus

adductor mandibulae externus, pars coronoi-

dea (Zusi & Livezey, 2000) (1) (modified

from Cracraft & Clarke, 2001, character

10); processus zygomaticus continuous with

high crest separating musculus adductor

mandibulae externus pars coronoidea ros-

trally and musculus adductor mandibulae

externus pars articularis caudally (2) (Bour-

don, 2005, character 66).

89 Os palatinum: not as follows (0); showing

well-developed pars lateralis plus variably

developed crista ventralis, and forming broad

articulatio palatorostralis (1) (modified from

Mayr & Clarke, 2003, characters 15–16;

Bourdon, 2005, character 3).

90 Ulna, extremitas proximalis: cotyla ventralis

caudocranially elongated; crista intercoty-

laris sharp; deep incisura radialis bounded

by sharp processus dorsalis extending far

distally; olecranon low and blunt, cranio-

caudally elongated and dorsoventrally com-

pressed, in dorsal position (modified from
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Bourdon, 2005, character 82). Peculiar con-

ditions found in Pelecanoididae and Hydro-

batidae are regarded as autapomorphic.

91 Ulna, extremitas distalis dorsoventrally

flattened with sharp, dorsodistally protruding

condylus dorsalis: no (0); yes (1) (modified from

Bourdon, 2005, character 74).

92 Tarsometatarsus, trochleae metatarsi with

sharp borders and deep wide median groove

continuing far proximally on facies dorsalis;

foramen vasculare distale in high position: no

(0); yes (1) (modified from Bourdon, 2005, char-

acter 77). In Podicipedidae, the grooved aspect

is present only on plantar facies, the dorsal

facies is smooth, and the foramen vasculare

distale is displaced distally; this is regarded as

an autapomorphic feature.

93 Humerus, condylus ventralis undercut,

proximodistally narrow: no (0); yes (1)

(Bourdon, 2005, character 73, modified).

94 Radius, extremitas distalis: cranial border

of sulcus tendinosus bearing prominent con-

vexity and small tubercle distal to the latter:

no (0); yes (1) (see Bourdon, 2005, character

75).

95 Carpometacarpus, facies articularis digitalis

major with conspicuous, hemispherical and

dorsoventrally flattened process at rostral

corner: absent (0): present (1) (Bourdon, 2005,

character 76).

96 Fossa glandulae nasalis: absent (0); present (1)

(Mayr, 2003, character 17; Mayr &

Clarke, 2003, character 25). In Podicipedidae,

this structure is present but secondarily

displaced towards the outer rim of os frontale.

This taxon is thus coded state 1.

97 Os coracoideum, processus acrocoracoideus

dorsoventrally short with facies articularis

clavicularis forming medial overhang and

projecting ventrally; this processus is located

on a long, dorsoventrally narrow peduncle: no

(0), yes (1).

98 Tibiotarsus, cristae cnemiales: not as follows

(0); with proximodistally extensive cranial

prominence and lateral concavity of crista

cnemialis cranialis (1) (see Mayr &

Clarke, 2003, character 99; Livezey &

Zusi, 2006, character 2076); thick and raised

proximally into a sharp point; sulcus inter-

cnemialis facing rostrally and having rough

aspect (2) (Bourdon, 2005, character 93); very

strongly raised proximally with crista cne-

mialis cranialis flaring far distally on corpus

(3) (Cracraft, 1988, p. 350).

99 Cranium: not as follows (0); crista nuchalis

transversa forming flange (supraoccipital

crest) on either side of prominentia cerebel-

laris (Bourdon, 2005, character 90, modified);

the base of this flange is pierced by themedial

foramen rami occipitalis arteriae ophthalmi-

cae externae that is in ventral position

(Bourdon et al., 2005, character 18,modified);

surface above cotyla quadratica squamosi

horizontal and noticeably convex (Cra-

craft, 1985, character 48) (1). These features

are obviously correlated to each other, and are

grouped here in one single character.

100 Os quadratum: not as follows (0); corpus med-

iolaterallycompressed;condylusmedialiswith

strongly protruding and very sharp caudal and

medial edges (1); processus orbitalis very long,

slender, mediolaterally compressed (Bourdon

et al., 2005, character 41) (2).

101 Humerus, proximal part of corpus ventrally

curved and crista deltopectoralis poorly

developed, proximodistally elongated and

cranially bent: no (0); yes (1).

102 Carpometacarpus dorsoventrally flattened;

straight os metacarpale minus parallel to

os metacarpale majus and narrow spatium

intermetacarpale: no (0); yes (1) (Bour-

don, 2005, character 92).

103 Fossa hypophysialis: not as follows (0);

caudorostrally elongated (1) (Bourdon, 2005,

character 109).

104 Fossae temporales extending to mid-line of

cranium: absent (0); present (1) (Cra-

craft, 1985, character 47). This is coded

nonapplicable (variable) for Suloidea.

105 Humerus, incisura capitis narrow, nearly

perpendicular to long axis of corpus, and

bounded proximally by sharp border of

caput: no (0); yes (1) (Bourdon, 2005, character

95).
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106 Ulna, cotyla ventralis sharply defined cau-

dally, projecting far ventrally to olecranon

and far cranially to cotyla dorsalis; the latter

is caudocranially narrow and much smaller

than the former: no (0); yes (1) (Bourdon, 2005,

character 96).

107 Femur, facies articularis antitrochanterica

strongly compressed caudorostrally; corpus

strongly curved with distinct depression

proximal to sulcus patellaris; condylus fibu-

laris (Howard, 1929) enlarged and twisted

laterally: no (0); yes (1) (Cracraft, 1988, p. 350).

108 Tarsometatarsus, corpus strongly com-

pressed lateromedially; lateral ridge of sulcus

extensorius raised as thin ridge and twisted

medially; trochlea metatarsi II extending less

far distally than trochlea metatarsi IV,

projecting plantarly, strongly compressed

lateromedially and twisted medially; troch-

lea metatarsi III distinctly asymmetrical in

plantar aspect: no (0); yes (1) (Cracraft, 1988,

p. 350; Bourdon, 2005, character 98).

109 Well-marked impressio glandulae nasalis

situated within roof of orbit, in rostromedial

position: absent (0); present (1) (Bour-

don, 2005, character 105; Bourdon et al.,

2005, character 39). This structure is very

small and shallow in Fregatidae and Anhin-

gidae. This is coded absent in Phaethontidae.

110 Maxilla and cavitas nasalis: not as follows (0);

maxilla elongated with well-defined groove dis-

tal to apertura nasi ossea, the proximal end of

which is in proximal position, very close to zona

flexoria craniofacialis; median part of maxilla

wide and strongly convex, distinctly separated

from lateral part (1); tiny apertura nasi ossea (2)

(Bourdon et al., 2005, character 2, modified).

111 Mandibula: smooth ridge medial and slightly

ventral to crista tomialis, extending from

symphysis to angulus: no (0); yes (1). Ardeidae

are assigned state 1 given this is the most

common condition found in this taxon

(absent in Cochlearius). The ridge is poorly

developed, but present, in Pelecanidae.

112 Os quadratum: not as follows (0); condylus

caudalis in high position; deep fossa

between the three condylae (1); corpus

sharply defined laterally and caudally flat;

condylus lateralis forming long peduncle

and cotyla quadratojugalis in far ventral

position (2); os quadratum wrung and lat-

erally flattened, so that peduncle of condy-

lus lateralis shorter, cotyla quadratojugalis

higher and fossa between the three condylae

shallow (3).

113 Tibiotarsus: not as follows (0); incisura inter-

condylaris very wide and perpendicular to

inner side of the condylae; condylus medialis

with sharp lateral margin, truncated aspect

(1); corpus caudorostrally flattened in distal

part; sulcus extensorius wide with low bor-

ders; condylus medialis with wide flattened

rostral border (2); sulcus extensorius in lateral

positionwithdistal endof canalis extensorius

distinctly medial to proximal one; condylus

lateralis rounded in shape, very shortened

caudocranially (3) (Bourdon, 2005, character

103, modified).

114 Tarsometatarsus: not as follows (0); asym-

metrical, with corpus widening only towards

trochlea metatarsi II; the latter projects as far

or further distally than trochlea metatarsi IV;

trochlea metatarsi III deeply grooved with

facies dorsalis strongly protruding dorsally

and extending close to foramen vasculare

distale (1); short stout corpus with strong

widening towards medially deflected troch-

lea metatarsi II (2) (Bourdon, 2005, character

104, modified).

115 Scapula, acromion greatly elongated, slender,

dorsoventrally narrow, evenly curved and

dorsally oriented: no (0); yes (1). This is

coded nonapplicable for Rheidae.

116 Os coracoideum, facies articularis scapularis

and processus procoracoideus located on dor-

sally protruding support: no (0); yes (1) (Bour-

don, 2005, character 102). This is coded

nonapplicable for Rheidae.

117 Vena occipitalis externa: piercing occipital

plate to exit brain cavity (0); exiting brain

cavity via foramen magnum (1) (Bourdon

et al., 2005, character 19).
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118 Rostrumparasphenoidale very narrow: no (0);

yes (1) (Bourdon et al., 2005, character 37).

119 Os palatinum, pars lateralis elongated, fused

with its counterpart over a great length and

continued by prominent crista ventralis; pro-

cessusmaxillopalatinus straight, formingflat

bar distant from its counterpart: no (0); yes (1)

(modified from Mayr, 2003, character 10;

Mayr & Clarke, 2003, character 11).

120 Sternum, carina sterni located in rostral part

of sternum, strongly projecting rostrally and

showing nearly straight ventral edge; apex

carinae with facies articularis furculae: no

(0); yes (1). Pelecanidae are coded state 1 (a

facies articularis furculae is present in juve-

niles pelicans).

121 Os coracoideum: not as follows (0); facies

articularis humeralis strongly protruding

laterally, neck long with lateral side con-

cave, and overhanging lateral border of pro-

cessus acrocoracoideus (1) (Bourdon, 2005,

character 106). This is coded nonapplicable

for Rheidae.

122 Tarsometatarsus, crista medialis hypotarsi

prominent, forming distinct flat surface: no

(0); yes (1) (Bourdon, 2005, character 107).

123 Os quadratum, processus mandibularis: not

as follows (0); condylus caudalis continuous

with condylus lateralis and bearing caudome-

dial prominence; condylus medialis very

wide (1); condylus caudalis medially

deflected and condylus medialis slightly ped-

icellate (2). In Anastomus, the processus

mandibularis is strongly compressed latero-

medially. This is regarded as an autapo-

morphic condition.

124 Tibiotarsus, incisura intercondylaris very

deep, extending far medially and undercut-

ting pons supratendineus; proximal inner

border of condylus medialis very sharp and

oblique, abruptly interrupted by incisura

intercondylaris; distal end of canalis exten-

sorius in medial position: no (0); yes (1).

125 Elongated maxilla with concave ventral sur-

face, sharp apex and sides strongly sloping

ventrally: no (0); yes (1).

126 Humerus, lineamusculi latissimi dorsi thick,

elongated, evenly curved, either atmid-width

of corpus or closer to margo ventralis and

continuous with prominent crus dorsale fos-

sae: no (0); yes (1).

127 Ulna, extremitas distalis: not as follows (0);

overhangs corpus at the level of depressio

radialis; condylus dorsalis short and strongly

protruding; caudal edge of condylus ventralis

wide and sharp; tuberculum carpale short,

abruptly ending proximally (1).

128 Tarsometatarsus showing very high eminen-

tia intercotylaris with medial buttress and

convex lateral edge: no (0); yes (1).
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APPENDIX 8B: CHARACTER–TAXON MATRIX USED FOR PHYLOGENETIC ANALYSIS

Taxa Characters

0000000001111111111222222222233333333334444444444555555555566666
1234567890123456789012345678901234567890123456789012345678901234

Apsaravis ?10000?????000?00000?0??00???????????00?0???00000??00?????????00
Hesperornis 00?000000000000?00?????00000000000000??00???00???00001000000000?
Ichthyornis 000000??000000000000000000??00???100000000000111000001?00?000000
Rheidae 1110011111???1?1111110?11111110000000000000000?00000000000000000
Tinamidae 1111101111111111111111111111110000000000000000000000000000010000
Galliformes 0111111111111111111111111100001111111111111110000111111000000000
Anseriformes 21111100000000000000000000000011111111111111111211111221111?1111
Pelagornis/Osteodon. 30111100000000000000000?00?00010?11?111?????1112100003?111111111
Dasornis 3?1111000??000000000000000000010111??11??11?111210??032111111111
Phaethontidae 1111110000000000000000010000001111111111111111111000000000000000
Procellariiformes 1111110000000000000000000000001111111111111111111000000000000000
Spheniscidae 1110110000000000?00000000000001111111?11111110111000100000000000
Gaviidae 1110110000000000000000000000001111111111111111111000000000000000
Podicipedidae 1110110000000000000000000000001111111111111111111000010000000000
Phoenicopteridae 1111110000000000000000000000001111111111111111111001000000000000
Ciconiidae 1111110000000000100000000000001111111111111111111000000000000000
Scopidae 1111110000000000100000000000001111111111111111111000000000000000
Ardeidae 1111110000000000100000000000001111111111111111111000000000000000
Fregatidae 1111110000000000100000000000001111111111111111111000000000000000
Pelecanidae 1011110000000000000000000000001111111111111111121000000000010000
Suloidea 11111100000000000000000?0000001111111111111111111000000000000000

0000000000000000000000000000000000011111111111111111111111111111
6666677777777778888888888999999999900000000001111111111222222222
5678901234567890123456789012345678901234567890123456789012345678

Apsaravis ?00?000??00000010000?00??0?000??0???00??0000????0000???000?0?0?0
Hesperornis ????00000000000????000000??00??100000??10?00000000000000000000?0
Ichthyornis 000000000000000000000000?0000001000000?1000000000000???000000000
Rheidae 00000000000000000000000000000000?00000000000000000??0000?0000000
Tinamidae 0000000000000000000000000000000000000000000000000000000000000000
Galliformes 0000000000000000000000000000000000000000000000000000000000000000
Anseriformes 1111111000000000000000000000000000000000000000000000000000000000
Pelagornis/Osteodon. 211?1011111111111111111??0000??000?000?0000010000000???0?0000000
Dasornis 21111111111111111111111000000000000000000000000000?0000?00000000
Phaethontidae 0000000000000100000000011111111000000000000000000000000000000000
Procellariiformes 0000000000000101000000011111111111000000000000000000000000000000
Spheniscidae 000000000000000?000000011???000112111100000000000000000000000000
Gaviidae 0000000000000000010000011111000113121111111100000000000000000000
Podicipedidae 0000000000000000000000011111000113121111111100000000000000000000
Phoenicopteridae 0000000000000000000000011000000000000000000000000000000000110000
Ciconiidae 0000000000000000000000011000000000000000000000000000000000211111
Scopidae 0000000000000000000000011000000000000000000000000000100000211111
Ardeidae 0000000000000000000000021000000000000011000011111100000000000000
Fregatidae 0000000000000100000000021000100000000000000012122211000000000000
Pelecanidae 0000000000000000000000021000000000000000000012133211111111000000
Suloidea 000000000000000000000002100000000000001?000012123211111111000000
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“. . .We know little about the inter-relations of

over 60 families in the suborder Oscines (song

birds), an assemblage comprising nearly half of

all bird species. The situation. . .is most serious as

it affects the ornithological contribution to the

history of world faunas. This contribution can

only be a misleading one so long as the arrange-

ment of these families into a phylogenetic tree

remains unaccomplished. With few exceptions,

the relationships of groups occupying widely-

separated faunal regions may only be guessed at

now.” (Beecher, 1953)

Passerines (Aves: Order Passeriformes) represent

over half of modern avian species diversity. This

skewed diversity pattern is even more striking

given the relative morphological uniformity of

the group. Indeed, Hans Gadow, the noted avian

anatomist, complained that “In talking of these

‘families’ we are apt to forget, or rather we never

appreciate, the solemn fact that, strictly speaking,

all the Oscines [– approximately 80% of all passer-

ines –] together are of the rank of one family only!”

(Gadow, 1892). Despite their relative uniformity,

these birds exhibit an astonishing distributional

breadth and trophic diversity: passerine birds are

foundonevery continent exceptAntarctica (andby

inference they used to occur there, aswell), feed on

everything from arthropods to nectar to carrion,

and are generally the numerically dominant form

in terrestrial avian communities. Moreover, two

classic cases of adaptive radiation involvepasserine

birds: the Darwin’s finches of the Galapagos, and

the Hawaiian honeycreepers. The apparent con-

trasts in species and morphological diversity have

broughtagreatdealofattentiontobearonthegroup,

and understanding the mechanisms that have gen-

erated this patternhasbeenamajor point of empha-

sis for ornithologists, ecologists, and evolutionary

biologists. Hypotheses explaining passerine diver-

sity include the effects of body size, the impact of

vocal learning, nesting behaviors, sexual selection,

or various combinations of these and additional

factors (Raikow, 1986, Fitzpatrick, 1988, Kochmer

& Wagner, 1988, Baptista & Trail, 1992,

Collias, 1997, Raikow & Bledsoe, 2000). However,

proper interpretation of this diversity is intimately

tied to understanding the phylogeny of the group –

both its monophyly and relationships to other

avian orders, and relationships within the order.

Thisisbecausediversitypatternscanonlybeunder-

stood comparatively – the question “why are there

so many passerine birds?” (e.g. Raikow, 1986) is

meaningless in itself. The real question is: “are

there really more passerine birds than expected

relative to other bird groups?” (Nee et al., 1992,

Raikow & Bledsoe, 2000), and more specifically,

“are there really more of some sorts of passerine

birds than others?” (Ricklefs, 2003). If not, then the

inordinate attention paid to understanding their

diversity might not be merited.
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MONOPHYLY, RELATIONSHIPS AND

INORDINATE DIVERSITY OF

PASSERINE BIRDS

Anapparentlysimplewayof interpretingpasserine

diversity is by comparisonwith the sister group (or

groups) of the order (Raikow & Bledsoe, 2000).

Under a simple null model of equal per-lineage

diversification rates, the expectation of sister

lineage diversity is quite straightforward to

derive (Slowinski & Guyer, 1989), and thus the

probability of particular sister lineage disparities

in diversity can be calculated. This presupposes:

(i) monophyly of the group; and (ii) knowledge of

its sister taxon. Unfortunately, progress on both of

these points has been remarkably slow.

Monophyly of the Passeriformes has rarely

been questioned (but see Feduccia, 1977), and a

variety of characters have been cited as uniting

the group (reviewed in Raikow, 1982). However,

character support for this monophyly was not

evaluated cladistically until the important work

of Raikow (1982), who was the first to outline the

surprisingly few (in fact, five) morphological syn-

apomorphies of the group. Unfortunately, the

relationships of passerines to other birds has

remained an area of controversy. Traditionally,

passerines have been associated with a loosely

defined group of perching birds called the “higher

land birds” (e.g. “Division 9” of Cracraft, 1981),

which also includes the Coliiformes, Coracii-

formes, Piciformes, and Trogoniformes. How-

ever, the question of passerine relationships is

really the same as the question of avian ordinal

phylogeny – which has a long history beyond the

scope of this review (e.g. Livezy & Zusi, 2001,

2007; Cracraft et al., 2004). I will focus on two

perspectives on passerine relationships – those

afforded by the DNA–DNA hybridization-

based phylogenetic hypothesis of Sibley &

Ahlquist (1990), and a more recent hypothesis

derived from sequences of multiple nuclear

genes (Hackett et al., 2008).

The use of DNA–DNA hybridization in phylo-

genetics had its acme in the 1980s to early 1990s,

with application primarily in mammalian and

avian systematics (Sibley & Ahlquist, 1984;

Kirsch et al., 1997; Sheldon & Bledsoe, 1993). In

particular, Charles G. Sibley and his student and

colleague Jon Ahlquist were extremely prolific in

their generation of data bearing on avian phylog-

eny, culminating in the 1990 publication of their

Phylogeny and Classification of Birds. This pub-

lication has proven to be a landmark in avian

systematics and in our understanding of avian

evolution. On the one hand, their phylogenetic

hypotheses stimulated a wave of additional molec-

ular phylogenetic studies, this time based on

DNA sequence data. On the other hand, their

phylogenetic hypothesis not only provided a

new classification for birds, but an explicit relative

and absolute temporal framework for interpreting

avian evolution, which has been exploited to that

end up to the present day (Healy & Guilford, 1990;

Briskie & Montgomerie, 1992; Promislow

et al., 1992; Cotgreave & Harvey, 1994; H€oglund

& Sillén-Tullberg, 1994; Barraclough et al., 1995;

Ricklefs et al., 1996; Owens & Bennett, 1997;

Poiani & Pagel, 1997; Westneat & Sherman, 1997;

Hallgrimsson & Maiorana, 2000; von Euler, 2001;

Ricklefs, 2003; Sol et al., 2005; Sol & Price, 2008;

Swanson & Garland, 2009).

The DNA–DNA hybridization data recovered

monophyly of the Passeriformes, as predicted by

the available morphological data. In addition,

these data provided the first explicit evidence-

based phylogenetic hypothesis for the sister-

group of passerines – a large unnamed assemblage

including the traditional orders Columbiformes,

Gruiformes, Charadriiformes, Pelecaniformes,

Podicipediformes, Falconiformes, Gaviiformes,

Sphenisciformes and Procellariiformes (Sibley &

Ahlquist, 1990). Using this sister group relation-

ship, Raikow & Bledsoe (2000) calculated the

probability of a group as large as the Passeriformes

(5712 species) being sister to an assemblage of the

size proposed by Sibley and Ahlquist (1536 spe-

cies), to be 0.42, using themethods of Slowinski&

Guyer (1989). Thus, on the face of it the

DNA–DNA hybridization hypothesis suggested

that passerine birds are not particularly special

with regard to phylogeny – that is, given that

the order was rooted deeply enough in the avian

tree, its diversity was no greater than might be
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expected by the operation of uniform speciation

and extinction processes.

Recent data bearing on passerine ordinal rela-

tionships prompt reevaluation of this comparison.

Two recent studies using largely independent data

sets (Ericson et al., 2006;Hackett et al., 2008) have

pointed to a monophyletic grouping of passerines,

Psittaciformes (parrots), Falconidae (falcons), and

Cariamidae (seriemas). Aside from monophyly of

passerines and the other families, the first study

leaves relationships within this clade unresolved,

whereas the larger study of Hackett et al. yielded

some support for a grouping of passerines with

parrots. This is an extremely intriguing result

insofar as these are two of three avian orders

(the other being the Apodiformes) where vocal

learning is known to occur, suggesting a poten-

tially ancient origin for this behavior. Recalcula-

tion of Slowinski andGuyer’s asymmetry statistic

for passerines versus their putative sister group the

parrots yields a much lower p-value (0.12), a num-

ber that rises to 0.14 if we conservatively consider

falcons, parrots, and the seriemaas the sister group

to passerines.While not statistically significant in

themselves, these numbers suggest that diversity

of passerines is more unusual than indicated

by the Sibley and Ahlquist’s ordinal phylogeny.

By contrast, comparison of the diversity of passer-

ines and parrots to that of falcons (or falcons and

seriems both) yields a probability of 0.02, well

below the standard significance threshold

(although wemust bear themultiple comparisons

in mind). This leads to the fascinating possibility

that vocal learning – shared by oscine passerines, a

few suboscines (Kroodsma, 2004; Saranathan

et al., 2007), and parrots (Pepperberg, 2004),

might have played an important role in the diver-

sification of this group, as has been suggested

previously for passerines alone (Vermeij, 1988;

Baptista & Trail, 1992).

As noted above, Sibley and Ahlquist’s data pro-

vided not only an estimate of phylogeny, but a

temporal scale for avian diversification. This is

extremely useful, because the temporal scale of

passerine diversification relative to nonpasserines

is of great importance – knowing the relative ages

of avian lineages allows comparison of passerine

diversity to that of multiple lineages of equal

age, rather than just to its sister taxon. Analyses

of this type have been performed (Nee et al., 1992;

Nee, 2004), yielding the conclusion that while

passerines as a whole may not be excessively

diverse, the oscine passerines (Sibley and

Ahlquist’s suborder Passeri) do depart from a

null assumption of equal rates (Figure 9.1A). How-

ever, this conclusion is necessarily hedged by

many considerations, including the assumption

of rate constancy and the validity of the phyloge-

netic hypothesis, both of which have been

called into question on the merits of the data

themselves and by collection of additional data

fromother sources (Cracraft, 1992; Lanyon, 1992b;

Harshman, 1994; Fain & Houde, 2004; Ericson

et al., 2006; Hackett et al., 2008).

The publication of a newwell-sampled (both in

termsof taxa and characters) phylogenetic hypoth-

esis for major lineages of birds (Hackett

et al., 2008) yields the opportunity to re-evaluate

patterns of avian diversity. Fortunately, all that is

necessary is a relative-time-scaled ultrametric

tree, so that the number of contemporaneous

lineages at any given time (e.g. at the origin of

passerines) can be evaluated, and compared to

extant diversity patterns. I used nonparametric

rate smoothing (Sanderson, 1997) inorder to derive

a relative-time tree for the taxa included in the

Hackett et al. sample, then assigned extant avian

species diversity to the major lineages following

taxonomy (Dickinson, 2003). Based on this crude

analysis, some 39 avian lineages are of at least the

same age as the Passeriformes (approximately

73Ma, when scaling the root of the avian tree to

119Ma, following van Tuinen, 2009). If we appor-

tion the approximately 9718 species of birds to

these 39 lineages, we obtain a histogram as shown

in Figure 9.1B.

The pattern in this analysis is – if anything –

even more startling than that uncovered in the

original Nee et al. analysis of avian diversity

(Figure 9.1A), although the contrast between pas-

serines and nonpasserines is exaggerated here by

the use of species rather than sublineages at the

second time horizon. This pattern should be inter-

pretedwith some caution, given that it is based on
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a very cursory analysis of Hackett et al.’s data,

which did not incorporate multiple internal fossil

constraints. Also, some apparently contempora-

neous cladesmay not have had their earliest splits

sampled (e.g. the earliest splitwithin parrots is not

included here; de Kloet & de Kloet, 2005, Wright

et al., 2008), leading to a slight undersampling of

ancestral lineages. However, if the relative timing

of avian cladogenesis uncovered in this analysis is

even approximately correct, then this analysis

reinforces the notion that passerine birds exhibit

notable diversity relative to other avian lineages.

Moreover, it counters the suggestion given above

regarding a possible causal role for vocal learning

in the diversity of passerines plus parrots – clearly

whatever burst of diversification is responsible for

the pattern in Figure 9.1 has occurred within the

passerines in particular, rather than some more

inclusive group. Unfortunately, because of the

nested hierarchical nature of phylogenetic rela-

tionships, asymmetries of diversity can be hard

to isolate to a given level (Purvis et al., 1995) –

moredetailed analyses of diversitypatternswithin

passerines are necessary to elucidate this pattern.

RELATIONSHIPS ANDDIVERSITY PATTERNS

WITHIN PASSERIFORMES – DNA–DNA

HYBRIDIZATION DATA

Analysis of passerine diversity patterns is criti-

cally dependent on understanding phylogenetic

relationships within the group. Unfortunately,

work on relationships within passerine birds has

languished because of their relative uniformity.

A fewmajor divisionswere apparent in the earliest

days classification. In particular, examination of

the syrinx (the avian vocal apparatus) proved

Fig. 9.1 Nonuniformity of avian lineage diversities. (A) The number of avian families (n2¼137) descending from

lineages coexisting at DT50H¼ 18 (n1¼32), according to the DNA hybridization data (Sibley & Ahlquist, 1990).

The expected distribution is geometric or “broken stick” (Nee et al., 1992; shown by points and lines). The Passeri are

theoscinepasserines, and theCiconii a suborderof Sibley andAhlquist’s orderCiconiiformes (see text). (B)Distribution

of the number of avian species descending from lineages coexisting at the time of origin of the Passeriformes, as

evaluated by nonparametric rate smoothing (Sanderson, 1997) of Hackett et al.’s (2008) hypothesis of avian relation-

ships (expected geometric distribution shown by points and lines).
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informative (reviewed in Ames, 1971), allowing

recognition of the so-called Oscine passerines

(with relatively complex intrinsic syringeal mus-

culature), the tracheophones (a less complex but

specialized group), and the suboscine passerines

(with the simplest, essentially plesiomorphic syr-

ingeal form). However, most of the attention of

early systematists was focused on delimiting fam-

ily groups. As noted above, defining family and

higher-level groupswithmorphology alone proved

challenging, and even now, only a handful of

passerine families have definite morphological

synapomorphies (e.g. the swallows – Hirundini-

dae; larks – Alaudidae; broadbills – Eurylaimidae).

Worse, since much of the variation in passerine

form was related to trophic adaptations (e.g. bill

shape, hindlimb proportions), and classification

preceded the advent of cladistic theory, many

groupings have turned out to be para- or polyphy-

letic when evaluated with modern methods or

other character systems (e.g. molecular data).

No comprehensive phylogenetic hypothesis for

passerine birds above the family level existed prior

to the work of Sibley and Ahlquist. A number of

single character or character complex studies

yielded many important insights (Wallace, 1874;

Miller, 1924; Beecher, 1953; Tordoff, 1954a,b;

Bock, 1960, 1962; Ames, 1971, 1975; Feduccia,

1974, 1975a,b; Henly et al., 1978; Raikow,

1982, 1987), butnogeneral synthesis. Importantly,

Feduccia (1974; 1975a, b; 1977; 1979) and Raikow

(Raikow, 1982, 1987)worked on themonophyly of

passerines and onbasal relationships amongmajor

passerine groups, and in addition, Raikow and

collaborators (1976, 1977, 1978, 1980) developed

significant character-based analysis of the rela-

tionships of a number of passerine families. In

terms of molecular data, a number of studies

were published prior to Sibley and Ahlquist,

some of which had bearing on higher-level

passerine relationships (Smith & Zimmerman,

1976; Barrowclough & Corbin, 1978; Avise

et al., 1980a,b, 1982; Lanyon, 1985; Marten &

Johnson, 1986; Johnson et al., 1988; Johnson &

Marten, 1989), though primarily at the family

level and below. However, the vast majority of

higher-level molecular work on passerines was

published by Sibley and coauthors on the long

run up to the magnum opus (Ahlquist et al.,

1984; Sibley, 1970, 1974, Sibley & Ahlquist,

1982a,b,c, 1984, 1985a,b,c, Sibley et al., 1982,

1984).

Sibley’s work supported some traditional

notions of passerine relationships, contradicted

others, but more generally established for the

first time a frame of reference for the relationships

of the majority of passerine groups, whose affini-

ties had for most of ornithological history

remained enigmatic. Notably, the DNA–DNA

hybridization data appeared to strongly support

the traditional notion of a split between suboscine

andoscine passerines. By contrast, the data contra-

dicted vague and speculative notions such as the

existence of a monophyletic assemblage of Old

World insectivorous oscines, the Muscicapidae

(Hartert, 1910; Mayr & Amadon, 1951). Fairly

early on, Sibley noted that molecular differences

(first egg white protein electrophoretic patterns,

Sibley, 1976; later DNA–DNA hybridization dis-

tances, Sibley &Ahlquist, 1985a,b ) between Aus-

tralian and other putatively closely related

passerineswere significantly larger than expected.

This led him to the conclusion – perhaps some-

what ahead of the data (see below) – that Austra-

lian oscine passerines represented a separate

evolutionary radiation from oscines (Sibley &

Ahlquist, 1985a,b) . Thus, one of the major con-

clusions of the DNA–DNA hybridization work

was a basal split within oscines between what

he termed the parvorders Corvida and Passerida.

The Corvida, although worldwide in distribution,

were considered to be ancestrally Australasian,

and the Passerida likewise widespread but con-

versely northern in origin. On the one hand, the

Corvida included traditionally crow-likebirds (e.g.

ravens and jays – Corvidae; shrikes – Laniidae), as

well as many Australian endemic groups (e.g.

bowerbirds – Ptilonorhynchidae; birds of paradise

– Paradisaeidae; lyrebirds – Menuridae). On the

other hand, thePasserida includedmanyprimarily

Holarctic groups (nuthatches – Sittidae; finches –

Fringillidae; thrushes – Turdinae). More or less

surprisingly, this split separated a number of tra-

ditionally associated groups, including the

Phylogeny and Diversification of Modern Passerines 239



Petroicidae (dawn robins) and Muscicapidae

(thrushes, chats, and flycatchers), the Neosittini

(sittellas) and Sittidae (nuthatches), the Pomatos-

tomidae (Australian babblers), and Timaliini (true

babblers). This novel view emphasized the impor-

tanceof theSouthernHemisphere in avian –and in

particular passerine – diversification (Olson, 1988;

MacLean, 1990; Christidis & Schodde, 1991;

Vickers-Rich, 1991; Boles, 1997; Cracraft, 2001).

In combination with the ecological similarities

observed between lineages in these two groups –

as reflected in traditional notions of relationship –

this view suggested two parallel radiations of

oscine passerines, one primarily “northern”

(ancestrally Eurasian or possibly African) and

one primarily Australasian.

As discussed for birds as a whole above, in

addition to providing a new perspective on passer-

ine relationships, Sibley and Ahlquist’s work

placed these relationships in a temporal context.

Perhaps unfortunately (see below), this temporal

component was explicitly incorporated into clas-

sification, as Sibley attempted to apply ranks to

monophyletic groups according to the degree of

genetic distance (and thus of age, under a strict

clock). Thus, family rank was given to clades

separated at 9–11 DT50H (a measure of genetic

distance), subfamilies at 7–9, tribes at 4.5–7, and

so on (Sibley & Ahlquist, 1990, p. 254). Just as the

temporal andphylogenetic frameworkprovidedby

these datahas strongly influenced our understand-

ing of passerine diversity relative to other bird

lineages – the same is true for our understanding

of diversity patterns within passerines.

In a series of papers starting in 2003, Robert

Ricklefs analyzed passerine diversity using taxa

recognized by Sibley & Ahlquist (1990), and the

classification derived from that work (Sibley &

Monroe, 1990). All of the analyses presented in

these papers are founded on Sibley’s ranking of

taxa more or less according to their genetic diver-

gence (see above). For instance, family-level taxa

on average should have originated at the same

time, ormore accurately should all have coexisted

as independent undifferentiated lineages at some

time in the past (i.e. a line drawn through a

phylogeny of the group would pick out each fam-

ily as a single lineage, as in the analyses shown in

Figure 9.1). At the level of tribes, all tribes as well

as families and subfamilies without lineages dif-

ferentiated at the tribal level of divergence could

likewise be treated as equal-age contemporaries.

Ricklefs (2003) analyzed passerine family and

tribal diversity under expectations of the geomet-

ric distribution, much as shown for birds as a

whole above. However, Ricklefs presented the

data in a slightly different form, plotting the nat-

ural logarithm of clade diversity ranks versus

clade diversities (Figure 9.2). These figures iden-

tify a few taxa with significantly more species

than expected under a constant-rates diversifica-

tionmodel (e.g. the Fringillidae), but perhapsmore

notably they show a large number of taxa with

significantly fewer species than expected. In fact,

Ricklefs concluded from the contrasting results

from the family and tribal level analyses

(Figure 9.2A versus 2B), as well as from the lack

of phylogenetic correlation of lineage diversity

patterns, that whatever factors may have contrib-

uted to the excessive family-level diversity were

transient, and probably related to biogeographic

effects (e.g. invasion of South America) rather

than intrinsic lineage characteristics (i.e. key

innovations). Instead, Ricklefs focused on

explaining the large number of species-poor

lineages, concluding that these groups were either

ecologically or geographically peripheral. Nota-

bly, 14 out of 32 tribe-to-family level clades

with fewer than five species are Australian in

distribution, which Ricklefs suggested might

reflect the biogeographic history of passerines

(see below) and the current restriction of rainforest

habitats in Australia.

Subsequently,Ricklefs (2004,2005)proceeded to

analyze the diversity of these same tribe-to-family

level clades in terms of morphological variation.

For each of these groups, he measured eight exter-

nal morphological characters (total length, wing,

tail, tarsus, middle toe, and the length, width, and

breadth of the culmen) for between 1 (monotypic

lineages only) and 83 (Thraupini) exemplars

(median of 6; three clades were unsampled).

Multiple regression analyses of these data indicat-

ed a correlation of species diversity with
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morphological diversity, independent of clade age,

suggesting an effect of cladogenesis on trait evolu-

tion (Ricklefs, 2004). Although this result could

support a straightforward model of punctuated

equilibrium, Ricklefs argued for speciation events

“setting the stage” for divergent selection to oper-

ate, possibly by differences in novel geographic

areas being occupied, by differing sets of divergent

competitors being encountered, or by setting up

competition between newly speciated and ecolog-

ically exchangeable sister taxa. Ricklefs (2005) also

used thesedata toaddress thequestionof ecological

marginality in small passerine clades (see above),

finding that many of these clades (e.g. Bombycilli-

dae) appear at the periphery of morphospace

as defined by the characters measured.

In combination with diversity patterns, this sug-

gests that these lineages have had extremely low

extinction and speciation rates for long periods of

time, due to their ecological specialization.

A potentially key problem with these analyses

is the use of named clades from Sibley and

Ahlquist’s work. Theoretically, tribe-level clades

are monophyletic lineages differentiated any-

where from DT50H 4.5–7�C, which lack of preci-

sion in itself is a source of error. In practice, only

some lineages in this range were recognized tax-

onomically by Sibley and Ahlquist, and in fact

quite a large number of lineages were not. This

is illustrated in Figure 9.3, which shows the stem

age and age of firstwithin-lineage split for all of the

passerine tribe-to-family-level clades included in

the “Tapestry.” The geometric expectation of

extant species diversity for the106clades analyzed

by Ricklefs requires that those clades co-occurred

with extant diversity of one at some point in the

past. As shown in the figure, the maximum num-

ber of co-occurring undifferentiated lineages in

this sample is 62, based on published divergence

data in Sibley&Ahlquist (1990). Thus, the sample

Fig. 9.2 Diversity patterns of taxa within Passeriformes, based on the classification of Sibley & Monroe (1990),

followingRicklefs (2003). Shown is thenatural log of taxondiversity rank (e.g. 1¼most diverse, 2¼nextmost, etc.) as a

function of taxon diversity, for (A) passerine families, and (B) passerine tribe-to-family level clades. The lines are fitted

to the approximately linear sections of each scatterplot, and yield estimates of thenatural log of the expectednumber of

lineages (a), and the parameter of a geometric distribution of clade size (b; see Ricklefs (2003) for derivation), for a

uniformdiversification process. Points above the fitted line are either less (upper left) ormore (lower right) species-rich

than expected.

Phylogeny and Diversification of Modern Passerines 241



of 106 taxa includes a significant number of

lineages with more species than they properly

should have for true equivalence, as well as

some lineages that are significantly younger

than others included in the sample. This variation

could lead to significant biases in terms of sub-

lineage diversities, depending on the symmetry of

diversity patternswithin clades. At two extremes,

if those unnamed subclades tend to be species-

poor divergent lineageswithin each tribe, then the

pattern of Figure 9.2 would be essentially

unchanged, whereas if the unnamed splits evenly

divide tribal diversity, an even more uniform

processwouldbe inferred than that found for tribes

(Figure 9.4). On the other hand, if many of the

splits are uniform, but some are asymmetrical,

then the diversity of particular groups might be

Fig. 9.3 Stem and basal intragroup divergence distances

for 99 tribe-to-family level lineages of passerines, based

on Sibley & Ahlquist (1990). This is a subset of 106

lineages studied by Ricklefs (2003) for which distance

information is actually represented in the “Tapestry.”

Solid lines indicate the stem distance (right), and dis-

tance of the first sampled split within that lineage (left:

lineageswithonly a single representative extend to zero);

tribes are sorted in order of stem divergence. If all groups

coexisted as single lineages at some time in the past (the

basic assumption required for a geometric expectation of

descendant – i.e. contemporary – diversity levels), there

should be a pointwhere a vertical linewould intersect all

of these lines. The maximum number of contemporary

lineages possible for these data is 62 (dashed line,

DT50H¼5).

Fig. 9.4 Hypothetical diversification patterns within

passerines, dividing lineages contemporaneous at

DT50H into (A) a single species sister to the remaining

species, (B) two equal parts, and (C) into two equal parts,

excepting the Tyranninae and Thraupini. The latter

choice is arbitrary, in order to illustrate the potential

(currently unknown) impact of including heterogeneous

lineages in a diversification analysis of this type.
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even more emphasized. These thought experi-

ments serve to emphasize that uncertainty both

in relative divergence times and in phylogenetic

relationships may have serious implications for

our analyses of passerine diversity using these

methods.

RELATIONSHIPS AND DIVERSITY

PATTERNS WITHIN PASSERIFORMES –

DNA SEQUENCE DATA

Nearly coincident with publication of Sibley

and Ahlquist’s work, tests of their hypotheses

based on analyses of other types of data began to

be published (Baverstock, 1991; Christidis &

Schodde, 1991; Christidis et al., 1993). Notably,

Christidis & Schodde (1991) found using allozyme

data thatmembers of thePasseridanestedwithin a

grade of Corvidan lineages, and a particularly large

genetic distance between Menura (the Australian

lyrebird) and other oscines (although its phyloge-

netic placement depended on the analysis), mak-

ing the first cracks in the newly minted

hypothesis. However, the community quickly

moved from protein-based techniques toward

the geneticmaterial itself. The advent of polymer-

ase chain reaction (PCR) and DNA sequencing,

and latterly of efficient high-throughput sequenc-

ing technologies, has led to significant progress in

inferring relationships within passerines. This

work stands fair to clarify our understanding of

passerine history and the processes that have con-

tributed to the outstanding diversity of the order.

While a comprehensive treatment of this work is

beyond the scope of this review, consideration of

even the broadest results is informative.

Perhaps the earliest DNA sequence analysis of

passerine relationships was that of Edwards

et al. (1991). Although plagued by a minor labora-

tory error (Edwards &Arctander, 1997), these data

nevertheless established the utility of mitochon-

drial DNA (mtDNA) sequences in inferring pas-

serine relationships, notably recovering

monophyly of oscine and suboscine birds, and

(laboratory error corrected) monophyly of the

Passerida. Subsequent studies through the 1990s

(Lanyon, 1992a, 1994; Helm-Bychowski &

Cracraft, 1993; Christidis et al., 1996a,b ; Sheldon

& Gill, 1996; Burns, 1997; Cibois et al., 1999;

Helbig & Seibold, 1999; Johnson & Lanyon, 1999;

Lanyon & Omland, 1999; Omland et al., 1999;

Sheldon et al., 1999; Honda & Yamagishi, 2000)

bolstered this utility, especially atmiddle to lower

taxonomic levels (i.e. families to species). At

higher levels, early analyses of mtDNA data var-

iation among bird orders yielded some apparent

artifacts, including recovery of passerines as

sister to all other birds (Mindell et al., 1999;

Johnson, 2001). These results appear to have be

attributable to small character and/or taxon

samples, rapid evolution, and model inadequacy

(Braun & Kimball, 2002; Slack et al., 2007). The

late 1990s saw the advent of nuclear gene DNA

sequences in avian phylogenetics (Cooper &

Penny, 1997; Barrowclough & Groth, 1999; Love-

tte & Bermingham, 2000; Prychitko & Moore,

2000), although there had been previous work

based on amino acid sequencing (Laskowski &

Fitch, 1989). These studies proved pivotal in shift-

ing the emphasis in higher-level phylogenetics

from rapidly evolving mtDNA genes to more

slowly evolving nuclear genes. Subsequent

sequencing of the chicken (Gallus gallus) and

zebra finch (Taeniopygia guttata) genomes has

made amplification and sequencing of such

loci in passerines increasingly easy (Backstr€om

et al. 2008; Kimball et al., 2009), such that most

studies now include both mitochondrial and

nuclear DNA data, or data from multiple nuclear

loci.

The most comprehensive studies of higher-

level passerine relationships to date have been

those conducted by myself and colleagues (Barker

et al., 2002), by Ericson and colleagues (Ericson

et al., 2000, 2002a,b, 2006; Ericson & Johans-

son, 2003; Irestedt et al., 2001, 2002; Norman

et al., 2009), and by Hackett et al. (2008). These

studies, in addition to a multitude of lower-level

studies focused on specific passerine groups, have

made a great deal of progress in testing hypotheses

first forwarded by the DNA hybridization data, as

well as in fleshing out our understanding of
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passerine relationships at all hierarchical levels.

Briefly, many aspects of the DNA hybridization

tree are borne out by analysis of sequence data, and

many are flatly contradicted (Figure 9.5). More

importantly, the degree to which the many

conflicts that have been found are significant in

understanding passerine diversification varies

from trivially to profoundly. Some of the most

critical conflicts are discussed below.

Sequence data unequivocally support the para-

phyly of suboscinepasserines (Figure 9.5). Thisnot

too surprising when it is considered that prior to

Sibley’s DNA hybridization work, which recov-

ered suboscine monophyly, relationships of sub-

oscines had been controversial on morphological

grounds. Specifically, the suboscine/oscine split is

based on the presence versus absence of special-

ized intrinsic syringeal musculature in oscines (in

addition to a critical contribution of learning to

vocal development). Absence of this musculature

is not synapomorphic, as it is shared with many

nonpasserine groups (Ames, 1971). In fact,

Feduccia (1975b) showed that one group of sub-

oscines, the Acanthisittidae (the four species of

New Zealand Wrens), differ from all other subos-

cines in the form of the stapes, which it shares

with oscine passerines.However, the same form is

found in many other nonpasserines, and therefore

likely to be symplesiomorphic. For a brief time,

Feduccia actually entertained the notion that sub-

oscines (exclusive of theAcanthisittidae)might be

more closely related to some Coraciiform birds

that share a similar stapedial morphology, than to

oscine passerines (Feduccia, 1977), a notion he

later rejected (Feduccia, 1979). Analysis of hin-

dlimb musculature of major passerine lineages

also indicated uncertainty in the relationships of

early branching lineages (Raikow, 1987). Raikow

recovered the Acanthisittidae as sister to a mono-

phyletic oscine passerines, with the two of them

sister to the remaining oscines – this arrangement

is perfectly congruent with both the syringeal and

stapedial data. However, this relationship was

only supported by a single derived character

state, and Raikow did not claim any significant

conflict with the DNA hybridization-based

phylogeny on that basis. Sequence data now

unequivocally place Acanthisittidae as sister to

all other passerine birds (Barker et al., 2002, 2004;

Ericson et al., 2002; Hackett et al., 2008), consis-

tent with both syringeal and stapedial morphol-

ogy, but in conflictwithRaikow’s single hindlimb

muscle character.

The second major conflict between the results

of DNA sequence analyses and the DNA hybrid-

ization tree regards the basal split within oscine

passerines. Recall that Sibley and Ahlquist

inferred the parallel radiation of crow-like birds

(Corvida) primarily in Australasia, and of all other

oscines (Passerida) outside of that region. This

relationship has been unequivocally rejected by

analyses of sequence data (Figure 9.5; Barker

et al., 2002, 2004; Ericson et al., 2002a,b ; Hackett

et al., 2008). Specifically, a clade more or less

corresponding to the Passerida (with some emen-

dation), rather than being sister to all corvoid

lineages, appears to be nested well within the

corvoid radiation (Figure 9.5). In fact, as many as

the first five (and possibly more) lineage splits

within oscine passerines appear to have occurred

within Australasia, judging by the current distri-

butions of these groups (Barker et al., 2002, 2004).

The seemingly inescapable conclusion is that the

oscines had their origin on the Australian conti-

nental plate – the only alternative would be the

previous existence of a widespread oscine lineage

that invaded Australia multiple times and then

went extinct with the exception of the Passerida.

Taken together, these primary results suggest

that major lineages of passerines had their origin

on specific Gondwanan fragments (Figure 9.6).

That is, the sister to all other passerines is

distributed in New Zealand, a Gondwanan

component that rifted approximately 80Ma

(Weissel et al., 1977; Mayes et al., 1990; Storey

et al., 1999). The suboscines of the New World –

one of two major lineages of this group, which is

monophyletic once Acanthisittidae have been

removed – are distributed primarily in South

America, with a few lineages (most notably the

Tyrannidae or flycatchers) making it into Central

and North America. Finally, the phylogenetic

relationships of oscine passerines, which are

nowworldwide in distribution, trace their history

244 F . KE ITH BARKER



Fig. 9.5 Direct comparison of passerine relationships in the “Tapestry” (Sibley & Ahlquist, 1990), with the most

comprehensive sequence analysis of passerine relationships to date (Barker et al., 2004). Both trees have been pruned to

include only shared genera, which are connected by dashed lines between their locations on each tree. This

representation is not the minimal “tanglegram,” and thus the frequency of crossing connections may exaggerate

conflict between the trees.Open circles on theDNAhybridization tree indicate two important conflicts between these

hypotheses of relationship.
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back to Australia. The only lineage that is not

endemic to a single Gondwanan landmass is the

Old World suboscines, which are broadly distrib-

uted through Africa and Asia, into northern Aus-

tralia, with no clear center of diversity. It is

tempting to suggest that this lineage owes

its distribution to an Indian origin (e.g.

Cracraft, 2001; Ericson et al., 2003) but the distri-

butional and phylogenetic data render this

completely speculative.

A Gondwanan origin for extant passerines

immediately raises the question of time scale.

That is, this only makes sense if the origin of

passerines pre-dates Gondwanan breakup, or at

least the final severing of subaerial connections

between New Zealand, Antarctica, Australia, and

South America. Unfortunately, the question of

the timing of bird divergences in general and of

passerine divergences in particular is a vexed one,

involving interpretation of both molecular and

fossil data. Although a comprehensive review of

these issues is beyond the scope of this chapter, I

will discuss the specifics as they pertain to

passerine origins and diversification. Sibley &

Ahlquist (1990) interpreted DNA hybridization

distances as directly proportional to time since

divergence, reckoning some 4.7 Myr per degree

DT50H with some allowance for the effects of

generation time. This rate calibration would sug-

gest an origin of stem passerines at 102Ma, with

the split beween oscines and suboscines (includ-

ing Acanthisittidae) approximately 93Ma. Subse-

quently, manymolecular studies with a variety of

taxon samples and calibration sets have yielded a

range of estimates for these splits (Cooper &

Penny, 1997; van Tuinen&Hedges, 2001; Ericson

et al., 2006; Pereira & Baker, 2006; Slack et al.,

2006; Brown et al., 2007; Brown et al., 2008). In

Fig. 9.6 A phylogenetic hypothesis

formajor passerine groups, based on

sequences of RAG1 and RAG2

(Barker et al., 2004). This tree

summarizes analysis of these genes

from 144 passerine species, rooted

using two nonpasserine outgroups.

The inferred geographic origins of

each group are represented by

coloring of terminals and branches

(black¼Australia, New Guinea,

and New Zealand; light gray¼Old

World exclusive of Australasia; and

dark gray¼New World; note that

the Old World Suboscines,

Passerida, and “coreCorvoidea” are

all distributed in multiple areas,

and their shading reflects inference

of ancestral areas).
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general, these studies agree in placing the origin of

passerines in the late Cretaceous (�100–65 Ma),

with the earliest splits among the extantmembers

of the order no later than �60Ma (Ericson

et al., 2006).

By contrast with the dates suggested by molec-

ular data, the earliest passerine fossils found to

date are from theEocene (�55Ma). These remains,

found in Australia (Boles, 1995), are fragmentary

and of uncertain taxonomic affinity, and therefore

relatively uninformative regarding the timescale

of passerine evolution. The earliest identifiable

passerine remains in Australia date to the Mio-

cene, and in some cases can be attributed to extant

oscine families (Boles, 1995, 1997).Themajority of

the early passerine fossil record derives from

Oligocene and Miocene deposits in northern

Europe, primarily France and Germany (Mayr &

Manegold, 2004; Manegold et al., 2004). Intrigu-

ingly,many of the fossils that have been recovered

appear to fall outside of the crown Passeriformes

(Eupasseres), possibly representing an earlier radi-

ation of passerines that has been replaced bymod-

ern members of the order (Manegold et al., 2004,

Mayr & Manegold, 2004). It is unclear whether

crown-group passerines occurred in Europe prior

to the Mid-Miocene (Manegold et al., 2004). In

sum, the passerine record provides few usable

constraints on our interpretation of modern pas-

serine diversity.

In evolutionary terms, what are the implica-

tions of accepting a Gondwanan origin for crown

Passeriformes, with early divergences on the

order of 80Ma? One of the primary consequences

is that this reorients our interpretation of adaptive

diversification in the group. As described above,

Sibley and Ahlquist’s hypothesis implied parallel

adaptive radiations (sensu lato) of oscines within

and outside of Australia. The new perspective

derived from DNA sequence data implies that

these adaptive radiations did not occur separately

in space, but rather in time. That is, subsequent to

their origin in Australia, oscines experienced an

initial adaptive radiation there, while the conti-

nent was still dominated by mesic forest rather

than woodland and scrub habitats (Tedford

et al., 1975, Behrensmayer et al., 1992). As

Australia began its northward journey after its

final split with Antarctica, one lineage of oscines

(the Passerida) successfully dispersed out of Aus-

tralia, where it underwent a second adaptive radi-

ation, essentially replicating the ecological

diversity found within the Australian passerine

fauna. Analysis of the timing of this dispersal,

based on the assumption that the Acanthisittidae

split from other passerines concurrent with New

Zealand’s rifting from Antarctica at 82Ma, indi-

cates that it occurred in the Eocene, �45Ma

(Barker et al., 2004).

There is some question as to the cradle of

passeridan diversification. Barker et al. (2002,

2004) suggested that the ancestor of the Passerida

likely dispersed across the narrowing gap between

Australia and Southeast Asia, as the former began

its headlong crash into the latter. In this scenario,

the lineage would have subsequently spread from

Eurasia into Africa and the NewWorld, diversify-

ing as it expanded its distribution. However,

details of phylogenetic relationships within the

Passerida and its closest relatives have suggested

an alternative interpretation. Sequence data agree

that the closest relatives of the Passerida include

the Australian Petroicidae (dawn robins), and a

clade of African endemics including the families

Picathartidae (rockfowl) and Chaetopidae (rock-

jumpers). However, there is conflict among

data sets, with some data supporting the Petroici-

dae as the sister group to the Passerida (e.g. Barker

et al., 2002, 2004), and others supporting the

African clade (Ericson & Johansson, 2003; Irestedt

&Ohlson, 2008). Assuming that the African clade

is truly the sister taxon to the Passerida (based

primarily on a shared single codon insertion in the

c-myc gene), andperforming adispersal-vicariance

analysis on a subsampled supertree of oscine pas-

serines, Jønsson & Fjeldsa (2006) suggested that

the Passerida have anAfrican origin. This hypoth-

esis was apparently reinforced by the discovery of

the early branching position of an African

lineage of Passerida (the genus Hyliota; Fuchs

et al., 2006), and by the discovery that a southeast

Asian endemic, Eupetes macrocerus, was a mem-

ber of the “African” Picathartidae/Chaetopidae

clade, specifically sister to Chaetops (Jønsson
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et al., 2007). This hypothesis suggests that the

ancestor of the Passerida, rather than dispersing

from Australia to Asia, flew directly from Austra-

lia to Africa, a distance of over 5000km, possibly

aidedby the existenceof exposure of theKerguelen

Plateau or ridge-system-associated islands in the

southern Indian Ocean (Jønsson et al., 2007).

While trans-Indian Ocean dispersal at the ori-

gin of the Passerida is an intriguing possibility,

the data on which the hypothesis is based

are tenuous at best. For example, the nesting

of Eupetes within the African Picathartidae–

Chaetopidae clade suggests an African-to-Asian

polarity – however, the existence of a single

extinct Asian lineage would render this optimi-

zation ambiguous (Figure 9.7). Precisely this pat-

tern is shown by another passerine group, the

Stenostiridae or fairy flycatchers (Fuchs et al.,

2009). In this family, a deeply divergent Asian–

African disjunction is repeated in parallel, with a

single southern African endemic (Stenostira) sis-

ter to a single Southeast Asian endemic (Cheli-

dorhynx, formerly Rhipidura hypoxantha), and a

small African clade (Elminia) sister to two south-

east Asian species (Culicicapa), with each of

these pairs sister to one another (Figure 9.7). Fur-

thermore, although the basal optimization of the

Passerida exclusive of the Picathartidae–Chaeto-

pidae–Eupetes clade appears African (Jønsson &

Fjeldsa, 2006), this is critically dependent upon

relationships among major lineages of the group,

which are not as yet well resolved (Barker

et al., 2002, 2004; Ericson & Johansson, 2003;

Johansson et al., 2008). As a cautionary note

regarding taxon sampling, the novel phylogenetic

placement of Chelidorhynx in the Stenostiridae

(Fuchs et al., 2009) renders the basal distribution

of the “Sylvioidea”, one of these major groups of

Passerida, ambiguous rather than African as

asserted in Jønsson & Fjeldsa (2006). We can

only speculate regarding the impact of the

assumptions going into the construction of the

oscine supertree. As it stands, I am forced to

conclude that the evidence for an African origin

of Passerida is weak at best. Conversely, there is

little in favor of the Australia-to-Asian dispersal

hypothesis save a certain edge in plausibility.

Additional work on resolving basal relationships

in the Passerida, as well as fleshing out the phy-

logenies of specific critical groups (e.g. the Alau-

didae and Nectariniidae) should go far to

resolving this issue.

Consideration of the biogeography of oscine

diversification leads to some interesting questions

regarding among-lineage patterns of diversity.

There is no question that dispersal out of

Australasia triggered a prodigious increase in

diversification within the Passerida. Whether

the sister group of Passerida is the Petroicidae or

the African rockfowl and allies, the asymmetry in

species number between these groups is highly

significant (p¼ 0.002 or 0.024, respectively, using

Fig. 9.7 Near biogeographic parallelism in two clades of

passerines: (A) the rockfowl, rockjumpers, and rail-

babbler (Picathartidae, Chaetopidae, and Eupetidae),

and (B) the Stenostiridae or fairy flycatchers (Jønsson

et al., 2007; Fuchs et al., 2009). Each African group,

with the exception of Picathartes, has a Southeast

Asian sister taxon. Absence of one Asian lineage in

the former favors an African origin in the former,

whereas presenceofAsian sister taxa in the latter renders

their ancestral distribution ambiguous. Since both of

these lineages are deepwithin the oscine tree (the former

possibly sister to Passerida, and the latter an early branch

within the OldWorld Sylvioid assemblage – one of three

or four major groups of Passerida), their distributions

have a strong influence on inferences of ancestral areas

for the Passerida.
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the test of Slowinski & Guyer, 1989). However,

the Passerida are not the only oscine lineage that

successfully dispersed out of Australasia. Specif-

ically, many corvoid lineages have also dispersed

and met with varying success throughout the

globe. However, it is notable that the diversity

of these corvoid groups neither individually nor in

sum (ca. 400 species) comes close to that of the

Passerida (ca. 3500 species). Given that the Passer-

ida appear to have dispersed out of Australasia

significantly earlier than the earliest corvoid

lineage (a clade containing the New World Vireo-

nidae plus the Asian “babblers” Erpornis and

Pteruthius; Barker et al., 2004; Reddy &

Cracraft, 2007), itmay be that the time differential

of dispersal is a sufficient explanation. However,

this proves difficult to assess. Notably, the max-

imumdispersal time difference between Passerida

and the vireos is 8 Myr (�3.6 Myr, bootstrap

standard error) as estimated by recombination

activating genes (RAG) sequenceswith a vicariant

calibration for divergence of the Acanthisittidae.

A crude estimate of the diversification rate of

Passerida is ln(diversity)/(clade age), which yields

an estimate of 0.18 species/Myr.With exponential

growth, thisminimumdifferential of 8Myrwould

only be expected to yield ca. 4 species at that rate of

diversification. However, several caveats must be

borne in mind. First, it is quite likely that most

corvoid dispersals occurred much later than the

vireonid dispersal – more extensive taxon sam-

pling and time-calibrated analyses will be neces-

sary to assess this, and significant progress is being

made in this regard (e.g. Moyle et al., 2006; Fuchs

et al., 2007; Pasquet et al., 2007; Dumbacher

et al., 2008; Jønsson et al., 2008). Second, the

crude estimate of diversification rate given above

is almost certainly an underestimate, because it is

only a valid estimator under a pure birth model,

which is unlikely for a group of this age. Notably,

empirical studies of multiple avian lineages

show evidence of decreased diversification over

time (Phillimore&Price,2008;Rabosky&Lovette,

2008a;), which may be due to density-dependent

speciation (Rabosky & Lovette, 2008a,b). Thus, at

this point it is difficult to reject the notion that

differences in dispersal times contribute to this

asymmetry. If so, then early occupancy of South-

east Asia (either directly or via dispersal from an

African center of origin), might be a sufficient

explanation for the subsequent species-poorness

of corvoid lineage. If not, this would suggest that

intrinsic lineage characteristics, either of Passerida

or of corvoid birds, might be important in explain-

ing this asymmetry. In this regard, it is interesting

to note that cooperative breeding, a social system

common among corvoids, has been suggested to

limitdiversification inpasserines (Cockburn,2003;

but see Ricklefs, 2005) .

ONE OF SIX?

Clearly, our developing understanding of passer-

ine phylogeny is providing new perspectives on

passerine biogeography and diversification. Just as

clearly, a great deal of work remains to be done. In

the last decade and more, a wide array of new

methods have been developed for assessing diver-

sity patterns in phylogenetic data (Nee et al., 1992;

Purvis et al., 1995; Pybus & Harvey, 2000;

Paradis, 2005; Rabosky, 2006; Bokma, 2008).

Most of these methods are critically dependent

on well- or completely sampled phylogenies, as

well as some timescale, be it relative or absolute.

Applicationofmolecular phylogeneticmethods to

increasingly large sequence data sets gathered

from passerines are rapidly bringing such diversi-

fication analyses within reach for many passerine

groups. Even now, application of simpler methods

such as the lineage/sublineage comparisons of

Nee et al. (1992; see also Ricklefs, 2003) to

sequence-based passerine phylogenies is possible.

Figure 9.8 summarizes such an analysis, as applied

to the oscine passerine portion of the time-scaled

passerine phylogeny of Barker et al. (2004; the

suboscines were too poorly sampled in that phy-

logeny for a reliable comparison). This analysis of

67 oscine lineages is similar to the results obtained

byRicklefs (2003) for 47 family-level clades.Nota-

bly, the Fringillidae (sensu Sibley&Monroe, 1990,

comprising the finches and New World nine-

primaried oscines) is highlighted in both analyses

as significantly more diverse than expected.
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Likewise, both analyses highlight the unusually

large number of species-poor clades in the group.

In the sequence-based analysis, the Sylviidae (the

Old World warblers, babblers, and white eyes –

which turn out to derive from within a single

genus of babblers [Cibois, 2003; Moyle

et al., 2009]) also appear to be much more diverse

than expected under a uniformprocess – to amuch

greater degree than in the DNA hybridization-

based analysis. Unfortunately, current sampling

precludes more detailed analyses (e.g. equivalent

to Figure 9.2B), but given the uncertainties and

potential biases inherent in previous work (e.g.

Figures 9.3 and 9.4), it is likely that additional

discrepant patterns will be uncovered. Of course,

increased sampling will also make much more

detailed and rigorous analyses of passerine bioge-

ography possible, which will to improve our

understanding of diversification in this group.

A recent analysis of vertebrate diversity iden-

tified six lineages significantly more species rich

and three lineages signicantly less rich than

expected under a process of uniform diversifica-

tion. One of these exceptional species-rich

lineages was the Neoaves (nonratite, nonGalloan-

serae birds). As discussed above, previous analyses

of avian diversity based on DNA hybridization

data and current reanalyses based on DNA

sequence data both agree in identifying the Pas-

seriformes (or a significant subset thereof) as the

most significant outlier in terms of avian diver-

sity patterns. Although this result merits rigorous

study of the sequence data in the context of

multiple fossil calibrations, its persistence

across multiple data sets and analyses is sugges-

tive. If so, then the passerine birds are likely to

represent one of the six most notable radiations of

vertebrates remaining on the planet (the others

being Euteleost, Ostariophysan, and Percomorph

fishes, Boroeutherian mammals, and nonGekko-

nid squamate reptiles; Alfaro et al., 2009). As

such, future focus on establishing detailed knowl-

edge of their phylogenetic relationships and rel-

ative timescale of divergences, in combination

with careful analyses of their biogeography,

morphological diversity, and ecology cannot but

be instructive.
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Active flight, characterized in birds by wing flap-

ping, requires greater power output than swim-

ming,walkingor running (Schmidt-Nielsen, 1972;

Harrison&Roberts, 2000). The power required for

flight varies as a function of flight speed approx-

imately according to a U-shaped curve, withmore

power required for hovering and fast flight than for

flight at intermediate speeds (Pennycuick, 1975;

Rayner, 1985; Tobalske et al., 2003; Askew &

Ellerby, 2007; Tobalske, 2007). Metabolic rates

during flight are up to 30 times greater than

basal metabolic rate (Nudds & Bryant, 2000). We

begin this chapter by exploring the anatomy of the

muscles that generate this power output and the

skeletal elements that provide support for these

muscles. In separate sections we then examine

how the functional morphology of the flight appa-

ratus affects flight performance. In each case, we

observe that wing morphology and body size are

key elements governing flight performance. We

begin with the ontogeny of flight ability in preco-

cial birds and use this model system to describe a

novel, testable model for the origin of flight. We

then turn to a style of flight that requires high

power output: vertical escape after take-off. Next,

we examine intermittent flight styles that offer

energetic savings relative to continuous flapping.

We move to maneuvering, an area that clearly

needs new data and a modern synthesis since

much of what is predicted about the ability to

maneuver is based upon fixed-wing aero-

dynamics, pertinent only to gliding, and the

highly flexible, morphing bird wing is scarcely

everfixed in shape, even during glides. Finally,we

turn to hovering, the ultimate exertion of control

during flight.

FUNCTIONAL MORPHOLOGY OF THEWING

There are a variety of features of the wings of birds

that are associated with the production of high

power output. The primary flightmuscles include

the major downstroke muscle, the pectoralis, and

the major upstroke muscle, the supracoracoideus

(Figure 10.1). Empirical studies of the function of

these muscles using in vivo electromyography,

sonomicrometry, and bone strain measurements

aswell as in vitro ergometry all indicate that these

two muscles are generally designed to produce

relatively high force per unit cross-sectional area

(stress) while undergoing a relatively large length

change (strain) during contraction (Dial et al.,

1997; Biewener et al., 1998; Hedrick et al., 2003;

Tobalske et al., 2003; Askew & Ellerby, 2007;

Figure 10.2). While the pectoralis is comprised

exclusively of fast-twitch fibers in most flying

birds, some soaring birds have a deep anterior
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Fig. 10.1 The primary flight mus-

cles in bird flight are the supracor-

acoideus (SUPRA) and pectoralis

(PECT). These muscles function

to decelerate and accelerate the

wing, and these functions have

been revealed in vivo using sono-

micrometry transducers to mea-

sure changes in muscle length,

and electromyography to measure

neuromuscular activation. (From
Tobalske & Biewener, 2008.)

Fig. 10.2 In flying birds, the primary flight muscles appear to be designed to maximize the output work and power

rather than isometric force. (A) This conclusion has emerged from in vivo measures of mechanical work that are

obtained using sonomicrometry, electromyography, and strain-gauge measurements on the deltopectoral crest (DPC)

of the humerus. These data reveal length change, neuromuscular activation, and force development in themuscle (B).

Plotting muscle force as a function of muscle length produces a work loop (C); the area inside the work loop is the net

work-output by the muscle (From Hedrick et al., 2003; Tobalske et al., 2003.)
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portion of their pectoralis that consists of slow

fibers and is thought to be a specialization for

maintaining economical isometric contractions

(Rosser & George, 1986a,b; Rosser et al. 1994;

Meyers & Stakebake, 2005).

During flapping, the pectoralis muscle

decelerates the wing at the end of upstroke and

reaccelerates it at the beginning of downstroke

(Dial, 1992a). The peak force observed in themus-

cle occurs at the middle of downstroke

(Figure 10.2a), and the muscle typically changes

between 20 and 42% of its resting length during

contraction (Figure 10.2b). The large stress and

strain in the muscle are evident in work loops

obtained from in vivo measurements (Figure

10.2c). The area inside the work loop is a measure

of work output by the muscle, and the rate of

accomplishing this work, a function of wingbeat

frequency, is the power output by the muscle.

Similar length change (muscle strain) and even

higher force per unit area (muscle stress) are exhib-

ited by the primary upstroke muscle, the supra-

coracoideus (Figure 10.1). Thismuscle decelerates

the wing at the end of downstroke and reaccele-

rates it at the beginning of upstroke. A key func-

tion of the supracoracoideus is to accomplish

long-axis rotation (supination) of the wing during

the transition between downstroke and upstroke

(Poore et al. 1997; Tobalske & Biewener, 2008).

The supracoracoideus features a long tendon that

inserts dorsally on the proximal humerus via a

foramen triosseum that is bordered by the cora-

coids, furcula, and scapula (Baumel et al., 1993).

The tendon elastically stores and releases energy

put into by the supracoracoideus, and this process

may contribute up to 60% of the net work of the

muscle (Tobalske & Biewener, 2008). The furcula

may also function to elastically store and release

energy (Jenkins et al., 1988).

It may be that the pectoralis is the minimum

muscle required for level flappingflight in birds, as

experiments have shown that birds can fly with-

out use of their supracoracoideus (Sokoloff

et al., 2001) or the distal muscles of the forearm

and wrist (Dial, 1992b). However, future study

should seek to clarify the relative contribution

of other muscles of the wing to power output.

Consider, for example, the scapulohumeralis cau-

dalis. This is the third largest muscle of the wing,

it inserts ventrally on thehumerus, and the timing

of its activation suggests that it is involved inwing

pronation and depression at the start of down-

stroke (Dial, 1992a). Based upon patterns of neural

recruitment, the intensity of electromyography

signals, it is thought that the distal muscles of

the wing are primarily used to alter wing shape to

permit a bird to engage in different modes of flight

or maneuver. A four-bar linkage system made up

of the humerus, radius, ulna, and proximal meta-

carpus is hypothesized to automatically flex and

extend the distal wing when proximal muscles

such as the pectoralis are activated (Dial, 1992b).

Skeletal elements provide surface areas for the

origins and insertions of the wing muscles, and,

acting as levers, they transmitmuscle forces to the

air. Key features of the skeleton that support pow-

eredflight include the proportionallymassive keel

of the sternum, the enlarged deltopectoral crest

(DPC) of the humerus, and the strut-like, stout

coracoids (Figures 10.2a and Figures 10.3). The

keel provides the origin for the pectoralis and

supracoracoideus, and the deltopectoral crest

provides the insertion for the pectoralis.

Fig. 10.3 The ventral side of the deltopectoral crest of

thehumerus (seen inmedial view) is the insertion site for

the primary downstrokemuscle, the pectoralis. There is

considerable diversity of shape in the deltopectoral crest

as is evident in this comparison of bones from a ring-

necked pheasant (Phasianus colchicus) and a rock dove

(Columba livia). (From Tobalske & Dial, 2000.)
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Proportionally large areas for muscle attachment

presumably lessen the risk of detachment by hold-

ing tendon stress (force per unit area) below the

point of failure, although this safety factor has not

been studied explicitly for the pectoral girdle of

birds. Among species, there is considerable diver-

sity inDPC size and shape (Figure 10.3). Since this

is the point of force transmission from the pector-

alis to the rest of thewing, with clear implications

for the majority of the lift produced by the wing,

the functional significance of the diversity inDPC

shape deserves study. The coracoids are oriented

and shaped to resist compression of the thorax

during contraction of the pectoralis and supracor-

acoideus (Pennycuick, 1968; Baier et al., 2007).

The furcula shows variation in form that is con-

sistent with different uses of the wing, and flap-

pingfliers exhibit less variation in shape compared

with, for example, soaring birds or subaqueous

flappers (Hui, 2002). As the furcula can contribute

to elastic energy storage (Jenkins et al., 1988),

comparative mechanical analysis of the furcula

is also warranted.

ONTOGENY AS A MODEL FOR THE

EVOLUTION OF FLAPPING FLIGHT

Few subjects in science ignite such polarizing dis-

cussions as the origin and evolution of avian pow-

eredflight.Until recently, the vast literatureon the

subject remained firmly entrenched within two

camps referred to as the ground-up (cursorial) and

tree-down (arboreal) proponents (for review see

Witmer, 2002). Cursorial hypotheses contend

that the ancestors of birds ran bipedally using

their long and slender theropod hind limbs, while

their clawed and feathered forelimbs functioned to

grab prey. Flapping the forelimbs in order to gen-

erate aerodynamic power and sustain powered

flight came later.Anextantmodel for this behavior

is not apparent. The arboreal hypothesis suggests

proto-birds quadrupedally climbed trees or other

elevated structures to gain potential energy and

thenglideddownwards (asobserved inextantflying

squirrels, e.g.Glaucomys; Bishop, 2006). The puta-

tive sequenceof stepsbetweenglidingandpowered

flight is not fully resolved. Dudley et al. (2007)

maintain that small motions of the appendages

permit ananimal tocontrol thedirectionofdescent

during a glide, thus offering a precursor to flapping.

Likewise, small-amplitude flapping motions may

contribute to stability in flying squirrels (Bishop,

2006). Significantly, though, no extant gliders

have been observed to actively flap their webbed

appendages or fins (e.g. flying fish, Exocoetidae,

Davenport, 1994) in an effort to produce thrust

and extend their glide distance. An alternative,

hypothesis-based approach to the origin of

avian flight, explored by Garner et al. (1999)

gave rise to a “pouncing predator” model,

which satisfies several major phylogenetic

assumptions. Nonetheless, an extant analog of

the pouncing predatory model has also not been

identified, so it is not presently possible to

empirically test the functional morphology –

mechanics and physiology – of the model.

Where can we find extant analogs to the origin

of powered flight in birds?Where else can one find

an incipient avian wing but on a baby bird? Before

juvenile birds can fly, they readily use their wings

in a form of escape behavior known as wing-

assisted incline running (WAIR) that consists of

flapping the wings during climbing (Dial, 2003;

Dial et al., 2006). This escape behavior may be

used by ground-dwelling species such as the Gal-

liformes when they have access to a sloped terrain

(cliff, boulder, tree, etc.), and is common among

nestlings of a diverse array of bird species (Dial

et al., 2008b). If partially developed wings in pre-

cocial birds are reasonably analogous to the incip-

ient wings that the presumed ancestors ofmodern

birds possessed, then the ontogeny of WAIR in

extant species offers a novel, testable biomechan-

ical model for the origin of powered flight in birds

(Bundle&Dial, 2003;Dial, 2003;Dial et al., 2006).

This model assumes development in external

wing morphology is representative of transitional

adaptive stages (Bock, 1965) that led to the com-

plex structure of the extant avian wing. An obvi-

ous limitation of the model is uncertainty in how

extant avian neuromuscular control and contrac-

tile behavior as well as external wing motions

compare with ancestral forms.
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During ontogeny in chukar partridge (Alectoris

chukar), feathers are structurally symmetrical (i.e.

equal feather surface on either side of rachis) from

day 6 through to day 14 (Figure 10.4). Potentially

analogous feather symmetry is apparent in thero-

pod fossils hypothesized to represent ancestors of

extant birds (Quiang et al., 1998;Xu et al., 1999). In

chukars, wing surface area increases in a near-

linear fashion with age during the first 30 days

and is asymptotic by day 45. The growth in body

mass is such that wing loading (weight per unit

surface area of the combined wings) remains rel-

atively constant throughout their normal growth

phase, with the lowest wing-loading values

recorded during the first 30 days of development.

In adult chukar, there is no significant variation

in the patterns of wing motion used during

WAIR, descending, and level flight (Dial et al.,

2008b; Figure 10.5). Likewise, developing birds

move their incipient wings, and, later, their

fully developed wings, through a stereotypic kine-

matic pathway so that they may flap–run over

obstacles, control descending flight and ulti-

mately perform level flapping flight (Figure 10.5).

As the same basic wingmotion can allow an adult

bird to accomplish disparatemodes of locomotion,

and baby birds use this basic pattern of wing

motion before they can fly, Dial et al. (2008b)

proposed an “ontogenetic–transitional wing

hypothesis” that the transitional stages leading

to the evolution of avian flight correspond both

behaviorally and morphologically to the transi-

tional stages observed in ontogenetic forms.

To reveal the aerodynamics of incipient wings

duringWAIR,Tobalske&Dial (2007) usedparticle

image velocimetry (PIV) and measured flow

dynamics in the wake of these animals as they

engaged inWAIRand ascendingflight (Tobalske&

Dial 2007; Figure 10.6). The ontogeny of lift pro-

duction was evaluated using three age classes:

Fig. 10.4 Wing and feather development

for the chukar partridge (Alectoris

chukar) during ontogeny. By day 8, flap-

ping the wings provides aerodynamic

force that enhances the ascending and

descending performance of the chicks.
(From Dial et al., 2006.)
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baby birds incapable of flight (5–8 days post-hatch-

ing) and volant juveniles (25–28 days) and adults

(45þ days). All three age classes of birds, including

baby birds with partially emerged, symmetrical

wing feathers (Figure 10.6), generate circulation

with their wings and share a wake structure that

consists of discrete vortex rings shed once per

downstroke. Unlike during flight when the

wings produce lift to support body weight and

match drag, during WAIR, lift from the wings

Fig. 10.5 Locomotor development during ontogeny in the chukar partridge (Alectoris chukar) from hatching to

adulthood. The sequence of transitional stages during development in an extant species may be relevant to under-

standing the origin and evolution of extinct forms. Stroke curves represent the trajectory of the wing during wing-

assisted incline running (WAIR) (grey) and flight (black). Vectors indicate average lift during WAIR (grey) and the

estimated lift (black) during slow level flight and descent. (From Dial et al., 2008b.)
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accelerates the body toward the surface of the

substrate being climbed, thereby increasing fric-

tion and aiding the feet in gaining purchase. These

data show that partially developed wings, not yet

capable of flight, can produce useful lift during

WAIR.

These aerodynamic experiments show that

factors besides external wing morphology may be

functioning as primary constraints upon the onset

of flight ability during development (Tobalske &

Dial, 2007). Potential variables that should be

tested include neuromuscular control and power

output of the muscles moving the wings. None-

theless, the aerodynamics ofWAIR in baby chukar

provides new insight into how an ancestral incip-

ient wing that was not capable of supporting flight

may have been an exaptation (Gould&Vrba, 1982)

originally used solely for WAIR.

TAKE-OFF AND ESCAPE FLIGHT

When flying to escape a predator, or voluntarily

initiating flight from the ground, take-off and the

gain in potential energy that occurs during flight

demand more power than most other forms of

flight (Pennycuick, 1975; Rayner, 1979a,b, 1985;

Ellington, 1991). Although some of the mechan-

ical power from the flight muscles is used to

overcome profile (pressure and skin-friction)

drag on the wings, the majority of power output

during take-off and vertical flight is used to

induce a massive downward velocity to the air.

Induced power is the product of this induced

velocity multiplied by body mass and any net

vertical or horizontal acceleration (including

gravity) (Askew et al., 2001). More broadly, flight

speeds at take-off are relatively slow, and induced

power output is modeled as being greatest at low

speed, decreasing exponentially with increasing

air velocity over the wing.

Since few birds are capable sustaining flight at

zero velocity (see Hovering, below), and accelera-

tion requires even more muscle power than hov-

ering, take-off imposes induced-power demands

beyond the capabilities of most avian wings. Birds

therefore depend on their legs to provide assis-

tance. The contribution of the legs to the velocity

of the bird at the end of take-off, defined as the end

of the first downstroke after the feet have left the

Fig. 10.6 Airflow in the wake of a

flightless chukar partridge (Alec-

toris chukar) chick engaged in

wing-assisted incline running.

Velocity in the flow field was

revealed using particle imagery

velocimetry (PIV); thewake reveals

evidence of lift production in a

manner similar to juvenile and

adult birds that are capable of

flight. At day 8 of development,

the chick has symmetrical remiges

(inset, upper right). (Adapted from

Tobalske&Dial,2007.) [Thisfigure

appears in color as Plate 10.6.]
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ground varies from 59% (rufous hummingbird,

Selasphorus rufus; Tobalske et al., 2004) to 90%

(blue-breasted quail, Coturnix chinensis; Earls,

2000). Peak jumping forces can be as low as 1–3

times body mass during voluntary take-off

(Heppner&Anderson,1985;Bonser&Rayner,1996)

and reach about 4–5 times body weight in escape

flight in the passerines (Passeriformes; Earls, 2000;

Jackson, unpublished data) and 7.8 times body

weight in blue-breasted quail (Earls, 2000).

The legs are only in contact with the ground for

a fraction of a second, so the wings must eventu-

ally take over, and short wings are better suited for

rapid take-off. Power output is a function of work

perwingbeat (Figure 10.2b) divided by the duration

of thewingbeat.Thus, everything else being equal,

the higher the wingbeat frequency, the more

induced power a bird can produce, and the quicker

it can accelerate vertically. Within a group of

similarly shaped birds (Tobalske & Dial, 2000),

wingbeat frequency during take-off decreaseswith

increasing body mass (m), approximately propor-

tional to the cube-root ofmass (m�1.3). Comparing

species of different wing shapes but similar mass,

however, it appears that wingbeat frequency is

inversely related to wing length (Pennycuick,

1996). Consider, for example, a species such as

an albatross (Diomedeidae) with long and pointed

(high aspect ratio)wings.Although thewing shape

is thought to be extremely efficient for gliding, the

birds have a difficult time getting off the ground,

and usually have to run into prevailing winds

before taking off (Pennycuick, 1975). Compara-

tively, a gallinaceous bird of similar mass such

as the wild turkey (Meleagris gallpavo), which has

short and roundedwings, is ideally suited for high-

acceleration take-off (Tobalske & Dial, 2000;

Askew et al., 2001).

During take-off and vertical flight, birds must

use muscle power to do work to raise their center

of mass against gravity and to accelerate.

The amount of mechanical power produced by

the muscles in relation to body-mass (i.e. mass-

specific power) therefore largely determines the

actualflightperformance.Extantflyingbirds range

in mass from a 2 g bee hummingbird (Mellisuga

helenae) to a 14kg mute swan (Cygnus olor;

Dunning, 1993). While it is readily observed that

a swan isnot capable ofhoveringat afloweror even

taking-off vertically like a hummingbird, the

underlying mechanism, the mass-specific power

available for flight relative to the amount required,

is not fully understood. Bird species in general

scale isometrically (Greenewalt, 1962), meaning

that muscle masses are the same proportion of

body mass, and wing-lengths are the same propor-

tion of body length. Scaling theory would, there-

fore, predict that available mass-specific power

should scale proportional to wingbeat frequency

(m�1/3; Hill, 1950; Pennycuick, 1975; Elling-

ton, 1991). According to this line of reasoning,

since large species tend to have lower wingbeat

frequencies, their muscles produce less mass-

specific power, which translates into lower take-

off performance compared to smaller species. This

could account for the observed trend of decreasing

take-off performance with increasing size in birds

if the mass-specific power required for flight is

independent of body mass (Figure 10.7; Tobalske

&Dial, 2000;Dialet al., 2008a).Ontheotherhand,

aerodynamic modeling suggests that the mass-

specific power output during take-off actually

increases with body mass (Askew et al., 2001).

Consistent with the notion that mass-specific

power is not limiting flight performance in larger

birds, proportional load-lifting ability increases

with increasing body mass (Marden, 1994) and

larger hummingbirds exhibit greater ability to

climb with added load or support their weight in

reduced-density air compared with smaller hum-

mingbirds (Chai & Millard, 1997; Altshuler

et al., 2004). For hummingbirds, nonisometric

scaling of muscle morphology or physiology may

compensate for the impact of body mass (Chai &

Millard, 1997). While variation in relative muscle

mass, muscle morphology, and fiber physiology,

and wing shape and size all could explain some of

thevariation intake-offperformance,body-mass is

likely a fundamental determinant of burst flight

performance during take-off.

Some bird species experience significant fluc-

tuations in body mass due to migratory fat loading

or egg production. Since their body mass increases

but muscle mass and wing size typically do not,
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individuals of these species may experience

reduced take-off performance (Hedenstr€om&Aler-

stam, 1992; Witter et al., 1994; Kullberg

et al., 1998). The trade-off between fat-loading to

decrease risk of starvation vs. foraging minimally

to maintain take-off and predator-escape perfor-

mance is a rich area of study. However, not all

species demonstrate reduced take-off performance

with fat-loading, some reduce acceleration or

velocity, while others reduce only the angle of

ascent. The factors that drive the variation in

strategy, and the ecological and evolutionary imp-

lications of this trade-off, are mostly unknown.

INTERMITTENT FLIGHT

The vastmajority of small andmedium sized birds

use one of two forms of intermittent flight during

which they regularly interrupt flapping phases to

hold their wings either in a flexed-wing “bound”

posture, during which the wings are held tightly

against the body, or in an extended-wing “glide”

(Rayner, 1985; Tobalske, 2001; Figure 10.8). Some

species, such as the budgerigar (Melopsittacus

undulatus) use bounds, glides, and partial-bounds

during which the wings are partially extended

(Tobalske & Dial, 1994). These flight styles are

characterized by undulating flight paths as the

birds gain altitude using flapping and lose altitude

during the fixed-wing pauses (Figure 10.8). The

flight style of the black-billed magpie (Pica

Fig. 10.7 Vertical escape-flight per-

formance in three orders of birds

spanning three orders of magnitude

ofbodymass:Galliformes (squares),

Columbiformes (circles), and Pas-

seriformes (triangles). Whole-body

(external) mass-specific power out-

put is proportional tomass raised to

the �0.3 power (m�0.3). (From Dial
et al., 2008a.)

Fig. 10.8 Intermittent flight features regular, brief

pauses in between flapping phases. A bound occurs if

the bird flexes its wings against its body and a glide

occurs when the birds holds its wings extended. Some

species exhibit intermediate wing postures (partial

bounds or glides).
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hudsonia) is a novel form of intermittent flight,

which consists of regular variation in wingbeat

frequency and amplitude duringflapping phases as

well as intermittent bounds and glides (Tobalske

et al., 1997). Flap-bounding is readily observed

during foraging and migratory flights in many

small passerines (Passeriformes; Danielson, 1988)

and woodpeckers (Picidae; Tobalske, 1996). Flap-

gliding flight is exhibited during flight in a diverse

array of birds including swallows (Hirundinidae;

Bruderer et al. 2001), swifts (Apodidae), accipiters

(Accipitridae), wood pigeons (Columba palum-

bus), and northern harriers (Circus cyaneus).

Intermittent flight appears to be a strategy for

saving energy by reducing the average power

required for flight in comparison with that

required for continuously flapping. Mathematical

models developed from aerodynamic theory indi-

cate that flap-bounding can be an attractive strat-

egy when flying relatively fast (Rayner, 1985;

Ward-Smith, 1984a), while flap-gliding may offer

greater advantages at slower speeds (Ward-

Smith, 1984b; Rayner, 1985). The production of

lift by the body and tail may help extend the range

of aerodynamically attractive speeds for flap-

bounding to include maximum range speed, the

speed predicted to be optimal for sustained cruis-

ing flight (Rayner, 1985; Tobalske et al., 1999).

Measurements of body acceleration and wake

dynamics in live birds as well as force measure-

ments on prepared specimens all indicate that

birds can support 10–15% of their body weight

even with their wings fully flexed in a bound

posture (Csics�aky, 1977; Tobalske et al.,

1999, 2009). The contribution of “turn-out”

phases during which the wings are extended

after a bound may allow flap-bounding to offer

an advantage over a broad range of speeds

(DeJong, 1983). Likewise, variation in flight

speed and thrust can result in predicted energetic

advantages for both flap-bounding and flap-gliding

over a wide range of speeds (Rayner et al., 2001).

Kinematics reveal that variation in flight speed is

typical of intermittent flight (Tobalske, 1995;

Tobalske et al., 1999), and correlations between

body motion and muscle activity suggest that

thrust likely varies as well (Tobalske & Dial,

1994; Tobalske, 1995; Tobalske et al., 2005;

Askew & Ellerby, 2007).

Activity in the major flight muscles decreases

during intermittent pauses compared with during

flapping phases (Meyers, 1993; Tobalske &

Dial, 1994; Tobalske, 1995, 2001; Tobalske

et al. 2005; Askew & Ellerby, 2007; Figure 10.9).

During intermittent glides, the pectoralis exhibits

an isometric contraction and the supracoracoi-

deus is inactive, whereas during bounds, both

muscles are inactive (Tobalske, 2001). Sonomicro-

metry reveals that the pectoralis does not change

length during intermittent pauses (Tobalske

et al., 2005; Askew & Ellerby, 2007).

There are prominent effects of body size and

wing shape upon the performance of intermittent

flight. Small birds with rounded, low-aspect ratio

wings such as the zebra finch (Taeniopygia gut-

tata; 13 g; aspect ratio,AR¼ 4.2) appear to only use

intermittent bounds (Tobalske et al., 1999, 2005).

In contrast, species of about the same body mass

but with more pointed, high-aspect-ratio wings

such as the barn swallow (Hirundo rustica; 20 g;

AR¼ 6.2) andhousemartin (Delichonurbica; 17 g,

AR¼ 6.5), use both bounds (or partial bounds) and

glides (Bruderer et al., 2001). Regardless of aspect

ratio, species of intermediate mass between 34 g

budgerigars (AR¼ 7.1) and 150 g black-billed mag-

pie (AR¼ 4.1) use both forms of intermittent

flight. Above 300 g, birds do not appear to be

able to use intermittent bounds so, for example,

the rock dove, Columba livia only uses gliding

during pauses in wing flapping (Tobalske &

Dial, 1996).

What limits the upper-size range for the ability

to bound?The largest species observed to regularly

bound is the pileated woodpecker (Dryocopus

pileatus; 270 g; Tobalske, 1996, 2001). As

described above for whole-body power output dur-

ing take-off and vertical flight performance, there

is an observed decline in the performance of

bounds as body size goes up. The percentage of

time spentflapping increaseswith increasing body

mass among passerines engaged in migratory

flight (Danielson, 1988) and woodpeckers engaged

in foraging flight (Tobalske, 1996, 2001; Figure

10.10). The scaling is proportional to mass raised
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Fig. 10.9 Patternsofwingandbodymotionandmuscle contractile behavior duringflap-boundingflight in a zebrafinch

(Taniopygia guttata). The bird gains altitude during the latter half of flapping phases and loses altitude during the latter

half of bounds. The pectoralis is inactive during bounds: there is no neuromuscular activity as measured using

electromyography, and there is no change in muscle length as measured using sonomicrometry. (From Tobalske
et al., 2005.)

Fig. 10.10 The percentage of time spent flapping

during flap-bounding flight in 12 passerine (Pas-

seriformes, open circles) and seven woodpecker

(Picidae) species varying in mass from 10 to 250 g.

Percent time flapping scales proportional to body

mass raised to the 0.37 power (m0.37). (From
Tobalske, 2001.)
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to the 0.37 power (m0.37). A potential explanation

for this is that the sustainablemass-specific power

available fromtheflightmuscles is proportional to

wingbeat frequency, and, therefore, decreases as a

function of increasing body mass (Hill, 1950;

Pennycuick, 1975). Consistent with such a

hypothesis, wingbeat frequency scales propor-

tional to m�0.37 in flap-bounding birds (Tobalske,

1995) Alternatively, the lift per unit power output

may decrease with increasing bodymass (Marden,

1994). The aerodynamic mechanisms responsible

for this decrease in relative lift production need to

be measured empirically.

Flight speed has significant effects upon inter-

mittent flight behavior as it appears to influence

the percentage of time spent flapping aswell as the

nonflapping postures adopted during intermittent

pauses. In zebra finch, a species that only flap-

bounds, there is a decrease in time spent flapping

from 89% during brief hovering episodes to 55%

during fast forward flight (14ms�1). In the bud-

gerigar and European starling, species that use

both intermittent bounds and glides, the percent-

age of time spent flapping varies according to an

upwardly concave, “U-shaped” curve (Tobalske,

2001). Similarly, mean effective wingbeat fre-

quency varies as a U-shaped curve in barn swal-

lows and house martins (Bruderer et al., 2001).

Among the species that use both bounds and

glides, there is a tendency to flap-glide at slow

speeds and flap-bound during faster flight

(Tobalske & Dial, 1994; Tobalske, 1995; Bruderer

et al. 2001; Figure 10.11). However, recent

research did not reveal the same trend to switch

from the use of bounds to the use of glides as flight

speed increased in rose-colored starlings (Sturnus

roseus; Engel et al., 2006).

MANEUVERING

The high velocities – and hence, kinetic energy –

characteristic of flight must place a selective pre-

mium on control. Clearly, the broad utility of

avian flight would not have been realized without

development of effective stability and maneuver-

ing (Thomas & Taylor, 2001; Taylor & Thomas,

2002; Warrick et al., 2002).

Duringgliding (e.g.Pennycuick,1971), amaneu-

vering bird can be described by well-understood

aircraft dynamics: turns are effected by creating a

bilateral force asymmetry, imparting a rolling

moment about the longaxis of thebody toestablish

a bank angle, thus redirecting the lift force to

provide a centripetal force. Maneuverability in

this case has been defined by radius of turn (Nor-

berg & Rayner, 1987); with a fixed-wing assump-

tion, the radius of turn will be determined by wing

Fig. 10.11 Flight speed affects the type

of wing posture assumed during inter-

mittent pauses in some species. These

data, from European starlings (Sturnus

vulgaris), show the percentage of

bounds (white), partial bounds (gray),

and glides (black) among all nonflap-

ping phases exhibited at a given

speed. As speed increased, the percent-

age of glides decreased while the per-

centage of bounds increased. (From
Tobalske, 1995.)
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loading (mass�wing area�1; Pennycuick, 1971).

Even given the assumption of fixed-wings,maneu-

verability has considerable explanatory power; var-

iation in wingloading and maneuverability have

been used to cogently describe differences in hab-

itat use in bats (Aldridge, 1987; Norberg & Ray-

ner, 1987), and foraging behavior and prey selection

in swallows (Warrick, 1998). Further, theyhave the

desirable feature of being among the few flight

performance parameters that can be inferred

when the fossil record provides reliable estimates

of bodymass andwing area (e.g. Pennycuick, 1988).

To create force asymmetries to produce roll, a

bird can manipulate one or more lift variables:

wing surface area, angle of attack, or wing

speed. In fast gliding flight, a bird can merely

increase the angle of attack by supinating a

wing, while simultaneously pronating to decrease

angle of attack on the other. Thewings can be used

to createmoments around the other two body axes

aswell. Bymoving thewings’ center of lift forward

or aft of the bird’s center of mass, birds create

pitching rotation to change whole-body angle

(Thomas & Taylor, 2001). Likewise, any asymme-

try in area or angle of attack will produce not only

differential lift but also differential drag, causing

yawing rotations.

Agility, the ability to create angular velocities

in rolling, pitching, or yawing movements, has

been distinguished from maneuverability (Nor-

berg & Rayner, 1987) as a meaningful perfor-

mance criterion of its own for some ecotypes

(e.g. coursing insectivorous birds such as swal-

lows (Hirundinidae; Warrick, 1998). However, as

function of the strength of forces available rela-

tive to the inertia of a body around its three

rotational axes, most small birds are intrinsically

agile. Viewed another way, relative to their

terrestrial ancestors, birds are intrinsically unsta-

ble – perhaps a result of selection for a compact

and therefore robust body able to withstand the

rigors of high frequency, periodic support (Taylor

& Thomas, 2002).

While the tail during low-speed flight seems to

be restricted to acting as a lifting device (Gatesy&

Dial, 1996; Thomas, 1996a,b; Berg & Biewener,

2008), at high speed the avian tail can function in

pitch and yaw control, both to augment maneu-

vering performance and stabilize level flight

(Thomas & Taylor, 2001). Unilaterally depressing

the tail creates a laterally directed force and yaw-

ingmoment (Hummel, 1992; Thomas, 1993) away

from the depressed side of the tail. Functioning

much like the rudder of an airplane, this force can

thus be used for countering the so-called adverse

yaw that is created during wing asymmetries,

when the higher lift wing must also create more

drag, yawing the animal in a direction opposite to

its intended direction of flight (Warrick, 1998).

Empirical (Hummel, 1992) and theoretical

(Thomas, 1993) studies show that the forces cre-

ated by the tail are small relative to those created

by the wings. This may make the tail even more

useful as a stabilizing device; its ineffectiveness

allows coarse motor control to produce fine-scale

aerodynamic force.

For a complete understanding ofmaneuverabil-

ity in birds, a fixed-wing assumption is inade-

quate. But abandoning it introduces a staggering

level of complexity; not surprisingly, no single

functional pathway for thecontrol ofmaneuvering

during flapping flight has yet been identified.

However, studies of the dynamics ofmaneuvering

flight illustrate both the central role of the pectoral

architecture and the importance of the intrinsic

wing muscles in controlling slow, flapping flight.

Assuming an aerodynamically inactive – or

simply less active – upstroke (Rayner, 1979a;

Tobalske, 2000), maneuvering in slow flight will

be to some degree a saltatory affair. That is, when

aerodynamic force production ceases, the centrip-

etal force ceases, and the bird will move in a

straight line until the next downstroke.Neverthe-

less, the smallest radius turn – a radius of zero – is

available only to a flapping bird: in a hover, no

centripetal force is required, and the bird simply

rotates around its center mass and heads off in a

newdirection.More generally, a bird able tomain-

tain high incident air velocity over its wing

through flapping, while the velocity of the body

is low, will produce turns of small radius.

As in gliding flight, birds may modulate aero-

dynamic force by varying surface area and angle of

attack, but, during flapping, they may also vary
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downstroke velocity. The kinematics of pigeons

(Warrick & Dial 1998; Figure 10.12) and parrots

(Psittaciformes; Hedrick & Biewener, 2007a;

Hedrick et al., 2007) show that birds use asymme-

tries in downstroke velocity – and to some degree

in pigeons, upstroke – to create roll and yawduring

slow flight. Both were shown to produce these

asymmetries in the first half of downstroke, and

reverse the asymmetry in the second, thus halting

the rolling momentum before the upstroke. War-

rick & Dial (1998) assumed that the velocity

asymmetries observed were used to create aerody-

namic force asymmetries, but Hedrick & Biew-

ener (2007a,b) and Hedrick et al. (2007) showed

that birds may also take advantage of the body

rotations resulting from asymmetric wing move-

ment. This inertial reorientation was shown to be

particularly important in changing body angle

within a wingbeat, and allows for an immediate,

transient, and easily reversed bank angle. As these

studies illustrate, the ability to produce transient

bank within a wingbeat, with no net change in

bank, gives the maneuvering bird an opportunity

to move stepwise through its environment.

Patterns of wing motion (Warrick & Dial 1998;

Hedrick& Biewener 2007a,b; Hedrick et al., 2007;

Figure 10.12) andmeasurements of the force expe-

rienced by the wings (Warrick et al., 1998;

Figure 10.13) show that birds frequently produce

a series of asymmetries, with higher force on the

outside wing, rather than simply creating a bank,

holding that bank and flying symmetrically

through the turn.While there has beenno rigorous

examination of the advantages of this maneuver-

ing strategy, the higher success of pigeons exhib-

ited this pattern in negotiating an obstacle course

(Warrick et al., 1998), and the proficiency of both

these phylogenetically distant species in creating

these incremental maneuvers, suggests that slow

maneuvering flight is a tightly controlled

Fig. 10.12 Three dimensional kinematics (A, B) and wing and body orientation (C) of a rock dove (Columba livia)

maneuvering after being held inverted and then dropped. Wingtip (right¼ grey; black¼ left) and body (bold black)

kinematics of a pigeon, held inverted and dropped.With one asymmetrical wingbeat, the pigeon rights itself; with two

further wingbeats (200ms) it has arrested its descent, and flies to a perch. (D.R.Warrick, unpublished data.)
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behavior.Whether reorienting throughasymmetry

in aerodynamic force production or inertia, these

studies illustrate the intrinsic instability of

birds (roll accelerations greater than 20,000� s�2;

Warrick & Dial, 1998; Hedrick & Biewener,

2007a,b; Hedrick et al., 2007). However, a theoret-

ical examination of stability in flapping flight sug-

gests that symmetrical flapping itself does little to

destabilize the bird (Taylor & Thomas, 2002).

While we currently lack a complete description

of the muscular control of these maneuvering

events, electromyogram (EMG) studies of rose-

breasted cockatoos (Eolophus roseicapillus;

Hedrick&Biewener, 2007b) anddenervation stud-

ies of pigeons (Dial, 1992a) suggest that distal

muscles may function to modulate the activity

of the pectoralis through pronation, supination, or

flexion. While Hedrick & Biewener (2007a) found

nomuscle activity asymmetries in these intrinsic

wingmuscles consistently associated with partic-

ular maneuvering kinematics, these muscles did

display more asymmetry during maneuvering

than during level flight, suggesting a complex

synergism. In contrast, the asymmetry in recruit-

ment of the pectoralis was consistently correlated

with maneuvering kinematics. Thus it appears

that, as a primary provider of both aerodynamic

power and flapping wing inertia, the timing and

force production of the pectoralis is critical, and

may be the “key innovation” (Liem, 1973; also see

Raikow, 1986) in the evolution of control of low-

speed maneuvering flight.

HOVERING

As we have reinforced in this chapter, flight is an

energetic affair, and control is the purpose of

maneuvering; thus, no discussion of flight can

be complete without exploring how birds control

their kinetic energy by flying slowly. In this sense,

the ultimate flight maneuver is one that requires

no maneuvering at all: the hover.

True hovering – the ability to fly with incident

airspeed of zero over the body of the bird is an

option probably available to all small and

medium-sized birds (Pennycuick, 1975; Elling-

ton, 1991). Even if for only one or two seconds,

the flexibility it provides a bird in safely moving

through its environment – particularly during

landing – may be profoundly important (e.g.

Green & Cheng, 1998). Sustained hovering,

using aerobic metabolism for indefinite time

intervals (Lasiewski, 1963), is a different matter,

seemingly confined to hummingbirds (Trochili-

date).Hovering in still air is a particularly demand-

ing flight style in terms of power requirements

because the bird is solely responsible for inducing

Fig. 10.13 Peak force asymmetries (black points) at mid-downstroke measured at the deltopectoral crest of a pigeon,

superimposed on the obstacle course flown it was flying. The open points would be the expected asymmetry pattern if

thebirds simplyestablishedabankwithone force asymmetry and thenflewaroundthebarriers.Theblackvertical lines

indicate the position of the barriers around which the birds maneuvered. (From Warrick et al., 1998)
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a large downward velocity into the air to support

its weight. These induced high velocities require

high power output from the flight muscles. In

contrast, in forward flight, or during hovering

with a headwind in birds such as kingfishers (Cor-

aciiformes), incoming air (wind) contributes to the

production of lift and the induced velocities

required to support body weight are, therefore,

less (Pennycuick, 1975; Rayner, 1979a,b, 1985).

Thehovering abilityofhummingbirds is related

to their small body size (Altshuler & Dud-

ley, 2002):most specieshavebodymasses between

2 and 8 g, and the giant hummingbird (Patagona

gigas), unusually large for the family, is only 20 g

(Dunning, 1993). Hummingbirds also exhibit a

range of morphological and physiological specia-

lizations that are well suited for sustaining high

power output during hovering (Altshuler &

Dudley, 2002). For example, they have pectoralis

and supracoracoideus muscles with relatively

small-diameter fibers, high mitochondrial den-

sity, and high capillary density (Suarez et al.,

1991; Mathieu-Costello et al., 1992). These attri-

butes allow their muscles to sustain the highest

mass-specific metabolic rates known for verte-

brate skeletal muscle (Suarez et al., 1991). Their

primary flight muscles make up a relatively large

proportion of their body mass (ca. 25%; Green-

ewalt, 1962; Wells, 1993). Their wing dimensions

also exhibit positive allometry,meaning thatwing

length and area increase at a greater rate with

increasing body mass than one would expect

based on an assumption of geometric similarity

and observed trends in other clades of birds

(Greenewalt, 1962).

The first descriptions of the wing motions of

hummingbirds illustrated a wingbeat dramati-

cally different from all other birds (Stolpe & Zim-

mer, 1939;Greenewalt, 1962; Figure 10.14), which

quickly set them apart, likened them to insects

(Weis-Fogh, 1972;Wells, 1993), and eventually led

to two aerodynamic classifications of avian hov-

ering: symmetrical, and asymmetrical (Norberg,

1990). Aerodynamic symmetry of the two half

strokes was thought to be a prerequisite for sus-

tained, aerobic hovering, and the general similar-

ities between hummingbird and hovering insect

kinematics suggested a remarkable convergence

in form and function in these long divergent

(500þ Myr) taxa (Weis-Fogh, 1972). Attractive

though this suggestion was, direct measurements

Fig. 10.14 Wing motion during hovering in a hovering

rufous hummingbird (Selasphorus rufus). Black circles

indicate position of wingtips, and white circles indicate

position ofwrists. Circles and arrows indicate sequential

position and local direction of movement. (From
Tobalske et al., 2007.)
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of airflow in thewake of hummingbirds show that

the majority of weight support (75%) is provided

by downstroke (Warrick et al., 2005), and subtle

asymmetries between downstroke and upstroke

inwing velocity, area, camber, and long-axis twist

(Figure 10.15) result in a two- to three-fold dispar-

ity in the lift production. Previously, it was

unclear why the supracoracoideus to pectoralis

mass ratio is approximately 0.5 (Wells, 1993),

but relatively lower force production during

upstroke helps account for this.

Although it does not produce an equal amount

of force as downstroke, it is, nevertheless,

upstroke that appears to be unique in humming-

birds. During upstroke, they leave their wings

extended andmarkedly supinated. Their wingtips

trace a path through the air that resembles a

“figure-8” in lateral view (Figure 10.14). A dorsal

view reveals that the tips and wrists trace approx-

imately the same path during both halves of the

wingbeat. In contrast, other species flex their

wings to some extent during upstrokes of slow

flight andhovering. Birdswith roundedwings tend

to adduct their entire wing during upstroke, while

birds with pointed wings tend to adduct only their

wrists and supinate their handwing (Figure 10.16).

There are exceptions to this general pattern. For

example, Galliform birds, with rounded wings,

supinate their handwing during upstroke of

take-off flight (Tobalske & Dial, 2000). There is

someargument that a supinated, extendedhandw-

ing can produce useful lift, drag, or inertial forces,

potentially representing a precursor to the hum-

mingbird-style wingbeat, but such functions have

notyetbeenclearlyrevealed(Tobalske,2000,2007;

Tobalske & Biewener, 2008). The ability to

supinate the handwing has been attributed to

wrist anatomy in the mallard duck (Anas platyr-

hynchos; Vasquez, 1992); intriguingly, Vasquez

(1992) observed that the relevant hummingbird

wrist anatomy was different from that of the

duck.

The ability to hover permits hummingbirds to

exploit nectar, a concentrated source of glucose, as

a food source, and recent study demonstrates that

glucose oxidation in hummingbirds requires less

oxygencomparedwith fatty-acidoxidation (Welch

et al., 2007). Other small nectivorous species rou-

tinely hover for brief intervals (� 15 s). These

include two passerine groups: sunbirds (Nectari-

niidae;Hambly et al., 2004;K€ohler et al., 2006) and

honeyeatersMeliphagidae (Collins&Clow, 1978).

Unfortunately, quantitative descriptions are lack-

ing for wing kinematics and other details of flight

styles in sunbirds and honeyeaters; such data

would likely improve understanding about the

relative specialization of hummingbirds and the

processes that led to the independent evolution of

hovering ability in what are hypothesized to be

relatively distantly related clades (Sibley & Ahl-

quist, 1990; Livezey & Zusi, 2007).

Metabolic data for hovering sunbirds and hon-

eyeaters reveal that hovering is more costly in

terms of energy than slow or fast forward flight

Fig. 10.15 Hummingbird wing

presentation and flow field in the

wake at mid-downstroke (a) and

mid-upstroke (b). (a) A red line is

drawn above the dorsal surface of

thewing tohighlight thecamberof

the wing. (b) During upstroke, the

proximal part of the wing (red line)

is not as supinated as the distal

portion (yellow line). The vector

scale is at top right. (FromWarrick
et al., 2005.) [This figure appears in
color as Plate 10.15.]
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(Hambly et al., 2004). In contrast, data from hum-

mingbirds suggests that there is no significant

increase in metabolic power between hovering

and forward flight up to speeds of 7ms�1

(Berger, 1985; Ellington, 1991). This suggests

that hummingbirds are uniquely efficient at

hovering such that costs vary according to a

“J-shaped” curve with flight speed rather than a

“U-shaped” curve that may be observed when

other species are flown over a wide range of speeds

(Bundle et al., 2007). One proposed mechanism

that could account for higher efficiency in hum-

mingbirds is elastic energy storage in the flight

muscles during deceleration of thewing at the end

of each half stroke (Wells, 1993)

Given their unique wingbeat patterns

(Figure 10.15) and highmass-specificmetabolism,

what ultimately limits hovering performance in

hummingbirds? This question has been explored

in laboratory experiments inwhich air density and

the partial pressure of oxygen are varied within a

sealed chamber (Chai & Dudley, 1995, 1996;

Altshuler et al. 2001; Altshuler & Dudley 2003),

and also with measurements of hovering perfor-

mance in the field along elevational gradients in

mountains (Altshuler et al., 2001, 2004; Atshuler

& Dudley, 2003). These studies indicate that var-

iation in air density is a more significant con-

straint than oxygen availability even though low

partial pressures of oxygen canmake it impossible

for hummingbirds to sustain hovering (Altshuler

et al., 2001). As air density decreases, humming-

birds compensate by increasing wingbeat amplti-

tude but not wingbeat frequency, and when

wingbeat amplitude reaches 180� they can no

longer hover (Chai & Dudley, 1995). Populations

living at higher altitudes compensate for low

density by having relatively longer wings

(Altshuler et al., 2004). Increasing oxygen avail-

ability does not improve performance at low air

densities (Altshuler et al., 2001).
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11 Evolution of the Avian Brain
and Senses

STIG WALSH1 AND ANGELA MILNER2

1National Museums Scotland, Edinburgh, Scotland
2The Natural History Museum, London, UK

The popular view of birds as small-brained and

dim-witted poorer relations of mammals is gradu-

ally being overturned. A growing volume of

experimental as well as anecdotal evidence is

demonstrating a previously unsuspected level

of cognitive ability in many avian clades (e.g.

Nicolakakis & Lefebvre, 2000; Timmermans

et al., 2000; Sol et al., 2002, 2005; Lefebvre et al.,

2004;Hunt&Gray, 2007),while improvements in

histological and in vivo brain imaging techniques

indicate a degree of structural and functional com-

plexity comparablewith that ofmanymammalian

groups (Eccles, 1992;Dubbeldam, 1998;Medina&

Reiner, 2000; Reiner et al., 2004; Striedter, 2005).

There traditionally has been a temptation among

researchers to assign mammalian homologies to

avianbrainstructures (Figure11.1),butthevalidity

of such assignments is generally questionable

(Pearson, 1972; Breazile&Kuenzel, 1993; Dubbel-

dam,1998;Reineretal., 2004). It seemsmorelikely

that most apparently similar advanced structures

of the avian and mammalian central nervous sys-

temarose inparallel, since the last commonances-

tor of birds and mammals presumably lived in the

Carboniferous Period, possibly asmuch as 330Ma

(Benton & Donoghue, 2007). In fact, histological

studies have emphasized that avian and mamma-

lian cognition has been achieved via different

evolutionary routes (Rehk€amper & Zilles, 1991;

Reiner et al., 2004), making birds a useful compar-

ison group for studying brain evolution in homi-

nids and, ultimately, our own species.

Despite a tendency towards conservatism in the

avian skeleton, bird brains are highly variable in

size andshape (Dubbeldam,1998).However,when

corrected for body mass, the overall brain volume

ofall livingbirds issignificantlygreaterthanthatof

typical diapsid reptiles (Jerison, 1973). With some

exceptions (e.g. Pelecaniformes) brain shape

appears to be relatively consistent within clades

(Stingelin, 1957) suggesting that the form of the

brain may sometimes be phylogenetically infor-

mative. This variation is affected by a variety of

factorsincludingtheshapeoftheskullandposition

of the brain within the skull (Dubbeldam, 1989).

However, brain shape is to some extent a correlate

of the relative size of specific regions such as the

telencephalon (forebrain), cerebellum or optic

lobes of themesencephalon. The size or expansion

of these regions relative to eachother and the brain

asawhole isa resultof increasedneuronalpacking,

which in turn occurs because of a greater emphasis

on functions normally performed by those regions

incertaintaxa (Striedter,2005). Inotherwords, like

themusculature of an athlete, brain shape reflects

some aspect of what a bird “does” and is thus

connectedwith its cognitive and sensory abilities,

and possibly even its ecology and behavior
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(Iwaniuk et al., 2004a; Iwaniuk&Hurd, 2005).The

relative importance of specific senses in a given

species indicated by brain region size, can be cor-

roborated to some extent by the relative size and

development of nerve bundles connecting the

brain and sense organs (e.g. Witmer &

Ridgely, 2008).

Examination of the avian brain can therefore

clearly provide a wealth of information about a

given species. Perhaps more importantly in the

context of this volume, features of the central

nervous system of living birds presumably coe-

volved with more obvious avian specializations

such as flight, and are therefore an important

aspect of the evolution of living birds as a

whole. What follows is by no means an in-depth

treatment of avian neurology; detailed descrip-

tions of neuronal structures (e.g. nuclei, cellular

sections of specific brain regions) and their func-

tion and ontogenetic development are available

elsewhere (e.g. Pearson, 1972; Dubbeldam, 1998;

Reiner et al., 2004), and the subject is itself suffi-

ciently complex to fill several volumes. Instead,

we aim to provide the readerwith a basic overview

of the senses and gross morphology of the brain of

extant birds set in an evolutionary context. There

are good reasons for concentrating onmorphology.

Brain region size and shape are generally the only

characteristics that can be observed in primitive

bird fossils, and as such are relevant to discussion

of avianneurology in an evolutionary sense.While

recent recognition of avian–mammalian neuro-

structural homologies provide new insight into

the relative timing of the appearance of some

structures (e.g. Reiner et al., 2004) within Arch-

osauria, fossils remain the only direct evidence of

brain evolution within Aves and specific avian

clades at known points in time.

THE AVIAN BRAIN: AN ANATOMICAL

PRIMER

The avian brain shares many features with the

brains of living reptiles (Figure 11.1a and b) but, as

mentioned above, is notably largerwhenviewedas

a percentage component of overall body size.

Much of this relative increase in neural mass

can be accounted for by selective expansion of

the telencephalon and cerebellum, and to some

extent the optic lobes of the mesencephalon

(Jerison, 1973; Dubbeldam, 1998). The main axis

Fig. 11.1 Comparison of generalized brain morphology

in (A) reptiles (Crocodylus sp.), (B) birds (Columbia livia)

and (C) mammals (Ovis aries). Note the relative enlarge-

ment of the forebrain (telencephalon) in birds compared

with reptiles. In mammals the enlargement is more

extreme, and can include complete enclosure of the

mid-brain as well as fissuring to increase surface area.

Not drawn to scale.
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of the brain ofmost species deviates from themain

axis of the spinal cord, resulting in a noticeably

flexed form in lateral view (Figure 11.1b). Most of

this flexing occurs within the region of the mes-

encephalon (Pearson, 1972), with a strong angle

often developed between the long axis of the tel-

encephalon and that of the brain as a whole

(Dubbeldam, 1989). The angle of intersection

between the main axis of the brain and the bill

also differs strongly, with extremes being found in

Phalacrocorax (Figure 11.2a) where the brain is

oriented nearly parallel to themain axis of the bill,

and Gallinago (Figure 11.2b) where the brain axis

is oriented almost vertically in the skull and pos-

sesses a large angle between bill and main brain

axis (Portmann & Stingelin, 1961).

The difficulty inhomologizing structures of the

avian brain with those of reptiles and mammals

has led to a potentially confusing variety of ana-

tomical terms. For accessibility to a wider audi-

ence we have used the more commonly

encountered anglicized terms for gross anatomical

structures, with the nomenclature of Reiner

et al. (2004) and Dubbeldam (1998) for consider-

ation of structures at the cellular level.

Forebrain

From a functional point of view, the forebrain is

largely involved in higher-level processing of sen-

sory information, cognition, and memory. Tradi-

tionally the forebrain is divided into two main

structural regions, the telencephalon and the

diencephalon.

Telencephalon

In dorsal view (Figure 11.3b and d–g) the brain of

most birds exhibits something of an “ace of

spades” outline due to the strong lateral and cau-

dal expansion of the telencephalic hemispheres. A

notable feature of the avian brain is that the tel-

encephalon is expanded to the extent that it

occludes the rounded hemispheres of the mesen-

cephalon in dorsal view; in reptiles those hemi-

spheres are fully visible (e.g. crocodiles,

Figure 11.1a). At the cellular level, the avian tel-

encephalon is composed of stacked layers of dif-

ferentiated cells, a comprehensive review of

which can be found in Reiner et al. (2004). The

hippocampus, not visible externally as a gross

morphological feature, is situated in a caudal posi-

tion on the telencephalon and is implicated in

memory functions and spatial awareness, includ-

ing navigation (Gagliardo et al., 1999; Streidter,

2005). Relative development of this region has

been well studied in connection with food storage

behavior in food caching species (e.g. Krebs

et al., 1996; Clayton, 1998).

Unlike the fissured telencephalic hemispheres

characteristic of many mammals (Figure 11.1c),

the dorsal surface of each hemisphere in birds is

mostly smooth, but bears a distinct prominence,

the eminentia sagittalis. This dorsally projected

swelling, widely known as the “wulst” (meaning

“bulge” in German), is in many species delimited

from the rest of the telencephalon by a shallow

groove called the vallecula. All modern species

possess awulst, but its shape, size, andpositionare

variable. Stingelin (1957) distinguished two main

types based on its position on the telencephalon.

In Type A the wulst is positioned rostrally, while

Type B is caudally positioned but includes

Fig. 11.2 Morphological extremes in avian bill to main

brain axis intersection, with (A) the cormorant (Phala-

crocorax sp.) demonstrating low angular deviation, and

(B) the common snipe (Gallinago gallinago) unusually

high deviation. (Modified after Portmann &

Stingelin 1961.)
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intermediate forms in which the feature is situ-

ated more centrally on the telencephalon

(Figure 11.3d–g). In common with its function in

visual cognition, the wulst is largest in species

with strong visual specializations, such as Strigi-

formes (Iwaniuk & Wylie, 2006).

Paired olfactory bulbs (olfactory lobes) are nor-

mally visible at the rostral extremity of the telen-

cephalon (Figure 11.3a and c). The relative size of

these structures is variablewithinbird species, but

in all cases the lobes represent a far smaller pro-

portion of the overall brain size than they do in

reptiles, particularly in crocodiles and alligators

(Figure 11.1a; Pearson, 1972). In general, seabirds

(e.g. Diomedea spp.) and carrion-feeding birds

such as New World vultures (e.g. Cathartes

aura) possess relatively large olfactory bulbs,

although those of the kiwi (Apteryx spp.) are par-

ticularly large. By comparison, the olfactory bulbs

of Psittacidae and Passeridae are tiny with respect

to the rest of the brain. The olfactory lobes termi-

nate rostrally in paired olfactory nerve bundles

(cranial nerve (CN) I).

Diencephalon

Only the pineal and the pituitary (hypophysis)

glands of the diencephalon are easily observable

Fig. 11.3 Gross anatomy of the avian brain. (A) Left lateral and (B) caudal-dorsal views of the brain of Columba livia.

(C) Anser sp. in ventral view. (Modified after Portmann & Stingelin, 1961.) (D–G) Variability of wulst position and

development illustrated through dorsal views of prepared skulls revealing alcohol-fixed brains of (D) Larus canus

(rostral position), (E) Larus argentatus (rostral-central position), (F)Anas sp. (caudal position) and (G) Sturnus vulgaris

(wulst occupying most of dorsal telencephalon).
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on the external surface of the brain. The pineal is

normally relatively small and visible on the dorso-

caudal surface of the brain between the rostral-

most extent of the cerebellum and the caudalmost

margins of the telencephalic hemispheres

(Figure 11.3b). The pituitary is a rounded structure

of variable form (Wingstrand, 1951) that projects

ventrally from between the caudal region of the

optic chiasma and rostral region of the rhomben-

cephalon (Figure 11.3a and c).

The optic nerves (CN II) exit the rostral portion

of the diencephalon and their form is variable. For

instance, in the macaw (Ara sp.) the two nerves

more or less bifurcate prior to exiting the brain,

whereas in the tropicbird (Phaethon sp.) there is a

relatively long optic tract before the two nerves

enter the orbits. As in mammals, the optic nerves

cross each other in the optic chiasma, projecting to

various centers in the diencephalon and mesen-

cephalon (Martin et al., 2007b). Birds possess two

major visual neural pathways. The tectofugal

pathway connects retinal nerve fiber input to

the ectostriatal core of the telencephalon via the

superficial laminae of the optic tectum and

nucleus rotundus thalami of the diencephalon

(Benowitz & Karten, 2004). The thalamofugal

pathway projects to the visual wulst via the thal-

amus (G€unt€urk€un et al., 1993). In species with

laterally directed eyes, the tectofugal pathway is

dominant (Cook, 2000).

Mid-brain

Themid-brain (mesencephalon) of birds is broadly

like that ofmost vertebrates in that it is composed

of a tegmentum (primarily concernedwith general

motor- and ocularmotor control) and a tectum

(further separated into the optic tectum and

torus semicircularis involved in visual and audi-

tory stimuli integration and routing to the dien-

cephalon). The occulomotor nerve (CN III)

originates in this region, projecting rostrally into

the orbit (Figure 11.3c). The origin of the trochlear

nerve (CN IV) is approximately in the ventro-

lateral region of the mesencephalon.

The visible regions of the mesencephalon com-

prise laterally projecting semihemispheres

normally referred to as “optic lobes” or the “optic

tectum”. Since only a portion of the structure is

actually involved with integration of visual sti-

muli, some authors (e.g. Breazile&Kuenzel, 1993;

Dubbeldam, 1998) have adopted the term tectum

mesencephali to avoid confusion with avian–-

mammalian homologies. The optic tectum acts

as a motor reflex pathway for the occulomotor

nerves (Jones et al., 2007). During the early devel-

opment of the embryonic brain the optic tectum

hemispheres occupy a dorsal position as they do in

reptiles. However, as the telencephalic hemi-

spheres expand caudally the lobes are displaced

laterally (Huber, 1949), such that the tegmentum

becomes entirely hidden. There is some variation

in the shape of the external contact of the optic

tectum and the telencephalon, and the position

of the lobes relative to the brain stem. In both

cases, this variation is a result of the relative size of

the telencephalon (Dubbeldam, 1998). The semi-

circular torus occupies a caudal position, although

the inner ear labyrinth of birds is mostly situated

on the lateral and caudal surfaces of the

cerebellum.

HINDBRAIN

The hindbrain (rhombencephalon) is composed

primarily of the cerebellum and medulla, and is

mostly involved in motor control.

Cerebellum

The cerebellum is situated caudal of the two tel-

encephalic hemispheres, and dorsal of the

medulla. The cerebellum is large in birds

(Dubbeldam, 1998), although once again its size

relative to other brain regions varies greatly

between species. For example, in many seabirds

(e.g. Phaethon, Larus; see Figure 11.3d and e) the

cerebellum is relatively large, but tiny relative to

the telencephalon in others such as Psittaciformes

(e.g.Ara; Walsh, personal observation). The shape

of the cerebellum in dorsal view is also variable

between taxa; itmay be relatively broad or narrow,

and may possess parallel sides or taper rostrally or

caudally (Kuenzi, 1918).
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Unlike the telencephalon, the cerebellum isnot

smooth but bears 11 primary folia (numbered cau-

dally I–X, with IX divided into IXab and cd),

with secondary folia also developed (Larsell, 1967;

Iwaniuk et al., 2007). A greater degree of foliation

is present in Psittaciformes, Corvidae, and sea-

birds (Iwaniuk et al., 2006), and the development

of each folium is also subject to phylogenetic and

behavior-related variation across species (Iwaniuk

et al., 2007). The avian cerebellum possesses a

distinct flocculus, which projects from its lateral

walls through the arch of the anterior semicircular

canal of the inner ear labyrinth. The flocculus is

large and prominent in many seabirds (Milner &

Walsh, 2009), although it may be difficult to

distinguish, as it is in passerines.

Rhombencephalon

The avian rhombencephalon (medulla) is an elon-

gate structure situated ventral to the cerebellum.

It grades caudally into the spinal chord, often

making its caudalmost extent difficult to deter-

mine, although this is normally taken to be rostral

of cervical nerve I (Pearson, 1972). The rhomben-

cephalon comprises autonomic centers that con-

trol heartbeat, respiration, and digestion, and also

acts as a bridge between higher brain regions and

input from the peripheral nervous system

(Dubbeldam, 1998).

Seven cranial nerves (numbered caudally from

CN V to XII) exit the rhombencephalon along the

lateral and ventral surfaces (Figure 11.3c). The

trigeminal (CN V) normally splits into two

branches close to its origin on the lateral surface

of the medulla. CN V1 extends rostrally to relay

sensory impulses from the eye, while the second

branch subdivides into the maxilliary CN V2 and

mandibular CNV3 that conductmechanoreceptor

information, particularly from the beak. Since

object manipulation is mainly achieved using

the beak in nearly all bird species, this nerve in

birds is large. Cranial nerve VI, the abducens, exits

the medulla ventrally and carries motor impulses

to the lateral rectus andbulbar retractormusclesof

the eye. The facial nerve (CN VII) serves both

motor and sensory functions, including gustatory

information (Gentle & Clarke, 1985). Birds pos-

sess virtually no facial musculature, and corre-

spondingly the avian CN VII is more poorly

developed than in mammals. The vestibuloco-

chlear nerve (CN VIII) is involved in only sensory

functions, conducting auditory signals from the

cochlear duct, andvestibular information fromthe

saccule and semicircular canals. Cranial nerve IX

(glossopharyngeal) relays sensory (particularly

taste) and motor impulses, and generally exits

the lateral surface of the medulla with the vagus

nerve. The vagus itself (CN X) performs central

roles in conducting sensory and motor impulses

that regulate autonomic functions, principally in

the heart, digestive tract, and lungs. The accessory

nerve (CN XI) forms a further branch off the main

CN IX/X branch, and conveys mainly motor

impulses to muscles of the neck. The hypoglossal

nerve (CN XII) is the final cranial nerve, carrying

mostly motor impulses to the tongue and throat.

AVIAN SENSES

Vision

The vast majority of avian species rely on sight as

the dominant sense. The avian eye is the largest

relative to body size of all terrestrial vertebrates

(e.g. Martin, 1985), and often represents around

50% of the cranial volume compared with 5% in

humans (Jones et al., 2007). This large size results

in less mobility of the eye in its orbit than in

mammals, and birds need to direct their field of

view more by head turning than mammals do

(Land, 1999). The structure of the avian eye is,

however, largely similar to that of mammals

(Figure 11.4), although its shape is not spherical;

a ring of bony ossicles embeddedwithin the sclera,

the sclerotic ring, allows the lens and cornea to

protrude ahead of the body of the eye and outside

the orbit (Hall, 2008). The body of the eye itself

also varies between being flattened (distance

between the cornea and retina less than the max-

imum depth) in most birds, to tubular (distance

between cornea and retina greater than the max-

imum depth) in species with the greatest acuity

Evolution of the Avian Brain and Senses 287



(Young, 1992). Similar relationships have been

found between the diameter of the cornea and

eye length between nocturnal (relatively large

corneal diameters compared with eye length)

and diurnal (relatively small corneal diameters

compared with eye length) species (Hall &

Ross, 2007).

The lens differs from that ofmammals in that it

possesses an annular pad around its core. The pad

is separated from the core by a fluid-filled cham-

ber, and this arrangement is believed to facilitate

rapid focusing (accommodation) through effective

transmission of force from the ciliary muscle to

the lens core (Jones et al., 2007). A great deal of

accommodation also occurs through changes in

the curvature of the cornea (Jones et al., 2007).

Unlike mammals, the surface of the retina

possesses no blood vessels that would otherwise

interfere with light reception. Instead, a folded

vascular structure called the pecten oculi pro-

trudes from the retinal surface, providing nutri-

ents which diffuse through the vitreous humour

(Kiama et al., 2006; Jones et al., 2007). The

photoreceptor cells of the retina comprise cone

cells, which form the basis of color vision, and rod

cells, which possess a far greater sensitivity to

light. However, because rod receptors are far larger

than cones, fewer rods canfit onto a retinal surface

of a given size. Consequently there is a trade-off

between the greater visual acuity and color dis-

crimination of the cone-dominated eyes of diurnal

birds, and the greater light sensitivity of rod-dom-

inated nocturnally adapted species. The nocturnal

cave-dwelling oilbird (Steatornis caripensis) has

fewconecells, but hasmaximized light sensitivity

by greatly increasing rod receptor packing through

reducing rod cell size, and placing the rods in a

banked arrangement (Martin et al., 2004).

Many avian species possess areas of the retina

that have concentrations of cone receptors, which

serve to enhance acuity at those points. Some of

these concentrations include pits (foveae) where

acuity is at its greatest (Pumphrey, 1948). Unlike

human vision, in which a single fovea is situated

along the central visual axis, birds may possess

multiple foveae that enhance acuity at various

angles. The arrangement and morphology of

these centers of acuity appear to relate to the

behavioral ecology of particular species (e.g.

Land, 1999; Tucker, 2000; Jones et al., 2007). For

instance, Tucker (2000) showed that the different

acuity of the deep and shallow foveae of raptors

allow these species greatest acuity at different

ranges but at different angles. Although the posi-

tion of the foveae in raptors varies depending on

the position of the eyes in the head, the longest

range fovea is more laterally directed and used on

the long approach to prey. A spiral flight path

allows raptors to use this long range fovea,

while retaining an aerodynamic head-forwards

posture before the short range fovea comes into

use as the prey comes within the binocular for-

ward visual field (Tucker, 2000). The single fovea

of owls is probably related to their wider binocular

field and activity in low light conditions (Jones

et al., 2007). Foveae have also been implicated in

the avian detection of polarized light (Kreithen &

Keeton, 1974).

Birds are known topossess tetrachromatic color

vision, and in contrast to the three-cone trichro-

matic system (red, blue, and green) of humans,

Fig. 11.4 Simplified diagrammatic representation of an

avian eye, sectioned horizontally.
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many birds can perceive light in the red (ca.

650 nm), green (ca. 510 nm), blue (ca. 470 nm)

and violet to ultraviolet (ca. 355–426 nm; Ödeen

and Ha
�
stad, 2003) wavelengths. The ability of

birds to detect ultraviolet (UV) wavelengths has

long been known (Bennett & Cuthill, 1994), and

several hypotheses for its purpose have been

proposed. These include functions in orientation

(Bennett & Cuthill, 1994), prey detection

(Honkavaara et al., 2002; Ha
�
stad et al., 2005)

and intraspecific signaling (e.g. Andersson &

Amundsen, 1997; see Cuthill et al. (2000) for a

review). How birds actually see color is difficult to

test, but the presence of these four chromatic

pigment cone types suggests that they are capable

of differentiating differences in hue that humans

cannot detect (Ödeen and Ha
�
stad, 2003).

Avianconesoftencontaindropletsofcarotenoid

oil, which are generally red, orange, yellow, green,

or colorless in diurnal species, and pale yellow to

colorless in nocturnal taxa (Partridge, 1989;

Young, 1992). These droplets act to low-pass filter

light wavelengths before they reach the photo-

pigment of the cone, possibly providing an

enhanced discrimination of hue (Vorobyev

et al., 1998; Jones et al., 2007). Combinations of

such filters appear to have specific functions

related to the ecology of the species in question

(Bowmaker & Martin, 1985; Partridge, 1989;

Hart, 2001; Hart & Vorobyev, 2005). Double

cones also occur in the avian retina, as they do in

all vertebrates other than placental mammals

(Sillman, 1973). Double cones may have a role to

play in spatial orientation through detection of

polarized light (Delius et al., 1976).

Avian visual fields are mostly a function of the

position of the eyes in the skull, but the closeness

of the eyes to each other, either side of the inter-

orbital septum, places restrictions on the direction

of the primary visual axis (Martin, 2009). Several

taxa such as owls and nightjars appear to possess

eyes that face forwards like those of primates, but

in fact some lateral direction occurs in all species

(Martin, 2009). However, binocular vision in

which the visual field of both eyes overlaps is

present in all species, although the field of overlap

in the straight ahead sector may be as little as

5�–10� in some species such as Scolopax rusticola

and Anas platyrhynchos (Martin et al., 2007a).

Such species are unlikely to use vision to guide

the beak since the beak tip would be invisible to

them (Martin et al., 2007a). Nonetheless, overall

flying ability does not appear to be significantly

compromised by possession of a narrow binocular

field, suggesting binocular vision plays a relatively

small role in controlling flight in birds

(Martin, 2009). In prey species a near panoramic

field of viewwould seem to bemore advantageous.

The degree of binocular overlap in owls is partic-

ularly broad at around 50�, and these species are

widely considered to possess genuine visual depth

perception (stereopsis; Iwaniuk & Wylie, 2006).

However, Martin (2009) has suggested stereopsis

in owls may have come about because the large

size of the eyes and outer ears prevents a more

lateral position of the eyes.

Hearing

Like reptiles, birds lack a functional external ear

composed of soft tissue. However, although the

external auditory meatus is naked in Casuari-

formes, Struthioniformes and Falconiformes,

most species possess some form ofmodified feath-

ers in this region (Pearson, 1972). In the case of

Strigiformes, particularly the nocturnal barn owl

(Tyto alba), these feathers form sound channeling

structures that help the bird to localize prey effec-

tively by sound alone (Figure 11.5a; Koch &

Wagner, 2002). In eared owls (Asio spp.) and

other strigiforms parts of the auditory meatus

can also be closed voluntarily, allowing accurate

localization of sounds occurring behind the bird

(Pearson, 1972; Norberg, 1978). Asymmetry of the

outer ear also helps to locate prey in the vertical

plane through higher frequency sounds, and

appears to have arisen independently in the five

owl lineages (Figure 11.5b; Norberg, 2002).

The auditorymeatus in living birds is normally

short and slightly curved. As in most reptiles,

sound waves transmitted along the passage are

transmitted to the oval window of the cochlea

via the tympanic membrane and a single middle

ear ossicle, the columella, the morphology of
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which is often taxonomically diagnostic (e.g.

Feduccia, 1975). The sensory organ, the basilar

papilla (analogous to the Organ of Corti in mam-

mals; Manley, 1990) is situated in the cochlear

duct (Figure 11.5c) and detects vibrations trans-

mitted by the columella through stimulation of

hair cells organized along its length. These hair

cells range in number from a few thousand to

more than 10,000 in some owls, and may be of

up to four different types (Manley, 1990). The

basilar papilla is generally wider and shorter

than in most mammals, with the longest basilar

papillae being found in owls (Gleich et al., 2005).

Also, unlike the strongly curved, often spiral form

of the mammalian cochlear duct, the avian

cochlear duct is generally slightly curved or

straight (Manley, 1990).

The frequency sensitivity of most birds falls

within the range of 1000–5000 Hz with the great-

est sensitivity between 2000 and 3000 Hz

(Dooling, 2002). However, there is a relatively

large range of variation in birds. For instance,

pigeons (Columba livia) possess an unusual audi-

tory sensitivity to very low frequency sounds as

low as 0.05 Hz (Kreithen & Quine, 1979), and

guinea fowl (Theurich et al., 1984) and possibly

grouse (Moss & Lockie, 1979) can also detect

infrasound. The hearing threshold is lower at

high frequencies in Passeriformes than in non

Passeriformes,with the latter showing lower hear-

ing thresholds at low frequencies than Passeri-

formes (Dooling, 2002). The overall hearing

range ofDromaius novaehollandiae falls between

80 and 3500 Hz (Manley et al., 1997), while that of

Tyto alba spans 500–9500 Hz (K€oppl &

Gleich, 2007).Mammalian sensitivity is generally

higher; a guinea pig can detect 50–5000 Hz, and a

cat 40–8500 Hz (Fay, 1988). One reason for this

difference is that the columella (the stapes, inher-

ited from the reptilian ancestor of birds) is less

effective at transmitting a range of frequencies

than the mammalian three-bone chain, the mal-

leus, incus, and stapes (Manley, 1990). Another is

that the avian basilar papilla is generally shorter

than the mammalian Organ of Corti, and is con-

sequently capable of detecting a narrower range of

frequencies. Theremay, nonetheless, be a limit to

the maximum possible size for the avian cochlear

duct. Tyto alba possesses one of the longest

cochlear ducts of any living bird, and although

the duct comes close to completing a half turn

in the skull, further lengthening is not possible as

the distal ends of the duct almostmeet at themid-

line (Figure 11.5d). We have observed a similar

condition in the diminutive skull of the goldcrest

(Regulus regulus), and we suspect that Tyto and

Regulus occupy an extreme position in cochlear

duct length relative to skull size. It is therefore

possible that skull size and architecture are factors

that limit the potential length of the cochlear duct

in birds.

Fig. 11.5 Avian inner and outer ear hearing apparatus.

(A) Facial disc feathers of Strix virgata, showing direc-

tional folding of feathers. (B) Rostral view of Aegolius

funereus illustrating hearing-related cranial asymmetry.

(C) Simplified diagram of a generalized inner ear laby-

rinth includingmiddle ear ossicles in position; (D) Paired

inner ear labyrinths segmented from a mCT scan of the

skull of Tyto alba, illustrating the extreme (for birds)

curvature of the cochlear ducts, which almost meet at

the midline. (A and B after Norberg, 2002; (C) modified

after Manley 1990.)
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Hearing is of course a fundamental factor in one

of the most striking of avian attributes: vocal

communication. Not surprisingly, the range of

hearing sensitivity of a given species comfortably

overlaps that of its vocalization frequency range,

and in fact the vocalization frequencies of most

birds fall within the lower half of their hearing

sensitivity (Konishi, 1970). The complexity and

speed of frequency changes in the songs of many

birds (particularly Passeriformes) are too great for

human perception (Borror&Reese, 1956), and it is

clear that many avian species have an ability to

resolve such vocalizations at remarkablyfine tem-

poral resolutions. This capacity may also be

important for the ability of some taxa such as

the oilbird (Steatornis caripensis) to echo-locate.

Olfaction and taste

The olfactory system of birds is similar to most

other vertebrates: the mucosal olfactory epithe-

lium houses olfactory receptors, which detect air-

borne chemical stimuli and relay this information

to the olfactory lobes of the telencephalon via the

olfactory nerve. However, the olfactory lobes of

most birds are small, and until the latter half of the

20th century birdswere thought to possess little or

no olfactory capability (Stager, 1967). Nonethe-

less, the role of scent in locating food (Stager, 1964;

Grubb, 1972; Smith & Palsek, 1986; Verheyden &

Jouventin, 1994), navigation (Waldvogel, 1989;

Papi, 1990), and possibly reproduction (Jones &

Gentle, 1984; Lambrechts & Hossaert-McKey,

2006; Balthazart & Taziaux, 2009) is now well

known, and olfactory sensitivity thresholds have

also been estimated for many species (Roper,

1999). Consequently, scent must remain an

important sensory modality in most birds.

Kiwis (Apteryx spp.) possess what is probably

the best-developed sense of smell, and this is ech-

oed by the large size of the olfactory lobes and large

and complex olfactory chamber in these species.

Unlike most birds the external nostrils of Apteryx

arepositionedat the tipof thebill, allowing thebird

to employ olfaction as one strategy (see below) in

the search for invertebrate prey by probing in the

forest leaf mould (Roper, 1999; Cunningham

et al., 2007). The olfactory apparatus of Procellar-

iiformes is alsowell developed, and various species

are able to detect and distinguish between food

sources from a distance (Verheyden & Jouven-

tin, 1994; Nevitt, 1999) and find their way back

to their nesting sites in the dark (Bonadonna

et al., 2001). The smaller New World vultures

such as the turkey vulture (Cathartes aura: Cath-

artidae) are well known for the development of

their olfactory apparatus and their ability to locate

carrion from considerable distances (Smith & Pal-

sek, 1986). This sensitivity has been utilized by

workers searching for leaks in long-distance gas

pipelines; compounds that mimic decaying car-

casses are introduced to the gas line and the result-

ing congregation of vultures indicates the position

of the leak. Interestingly, even species with a sup-

posedly poor sense of smell (e.g. pigeons) appear to

be able to detect and use geographically-specific

atmospheric trace gasses for the purposes of nav-

igation (Walraff, 2004a,b).

Taste receptors mostly occur within the

mandible and upper jaw, and the tongue

(Berkhoudt, 1985) and send sensory information

to the brain by way of the facial nerve (CN VII)

and the lingual branch of the glossopharyngeal

nerve (CN IX) (Berkhoudt, 1985; Ganchrow

et al., 1986). Although birds generally have fewer

taste receptors than most mammals and reptiles,

their number among species is variable. There is

some suggestion that the apparent tolerance of

some species to strong acid and alkaline flavors

permits otherwise unpalatable items such as

unripe fruit to be exploited (Mason &

Clark, 2000), and the comparatively poor sense of

taste of most bird species suggests that this sense

was not of prime importance during avian evolu-

tionaryhistory.Nonetheless, somespecies seemto

have a very well-developed sense of taste. Sandpi-

pers (Scolopacidae) can detect where worms have

been in sand (van Heezik et al., 1983), and hum-

mingbirds (Trochilidae) can determine the concen-

tration of sugars in solution (Hainsworth &

Wolf, 1976). Taste is apparently important for

avoiding poisonous prey species (Skelhorn &

Rowe, 2006), and has been observed to mediate

food selection in passerines based on preferences
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for salt, fructose content, and certain amino acids

(Espaillat & Mason, 1990).

Touch and balance

Four kinds of mechanoreceptors are present in

birds. Herbst corpuscles resemble the Pacinian

corpuscles ofmammals, and detect rapidmechan-

ical deformation (vibration). These receptors are

the most abundant and are found in the dermis

across the entire body, but are also present in large

numbers in the beak, in joint capsules and in

feather follicles, indicating an importance for pro-

prioreception in flight (Gottschaldt, 1985).

Grandry corpuscles are found only in the bills of

aquatic birds, where they are most numerous at

the tip (Cunningham et al., 2007). In sandpipers

Herbst and Grandry corpuscles occur in large

numbers in pits around the bill tip, allowing

these species to locate invertebrate prey within

the substrate through minute vibrations (Piersma

et al., 1998; Nebel et al., 2005). Kiwis possess a

similar sensory pad with Herbst and Grandry-like

corpusules, suggesting that they may also be able

to localize preyusing a similar vibrotactile sensory

mechanism (Cunningham et al., 2007). Merkel

corpuscles (slowly adapting pressure sensors) are

found on the tongue and in the beak of land birds

(Necker, 2000). Ruffini endings (stretch receptors)

have not been widely reported in birds outside a

few anseriform and galliform species (Necker,

2000). Muscle spindles (detecting changes inmus-

cle length) are of course important for propriore-

ception and are abundant throughout the body

(Maier, 1992). In addition to unmyelinated nerve

endings that transmit pain stimuli, thermorecep-

tors are present as free nerve endings within

the body and in the skin. Their response is differ-

entiated depending on increases and decreases in

temperature, with cold receptors being more

numerous than warm receptors (Necker, 2000).

In addition to integumentary and muscular

proprioreceptors, balance and spatial awareness

for flight and normal posture are monitored by

the semicircular canals of the inner ear. These

three canals send information to the brain about

angular accelerations of the head as it is turned,

tilted or thrust forward, via sensory hair cells

anchored to the walls of the canals, which are

excited as the endolymphatic fluid moves relative

to the canal wall during motion. This vestibular

information is processed primarily in the cerebel-

lum, and particularly in the floccular region of the

cerebellum.The cerebellarflocculus is involved in

processing of the vestibuloocular reflex, which

serves to maintain stable vision of unmoving tar-

gets through eye stabilization as the head moves,

and the optokinetic reflex, which stabilizes the

eyes on moving scenes. The semicircular canals

are arranged approximately orthogonal to each

other, so are able to measure rotations along the

axial, saggital and transverse planes. Although the

anterior semicircular canal is always largest in

birds, there is considerable variation in the arc

length, direction of arc apex, canal diameter, and

cross-sectional shape. These differences are pre-

sumably functionally important, and their pur-

pose has been the focus of considerable interest

(Hopkins,1906;Had�ziselimovi�c&Savkovi�c,1964;

Ten Kate et al., 1970; Muller, 1999; Sipla, 2007).

Specializations of the lumbosacral region of the

vertebral column have also been suggested to be

involved in balance during walking. Here, canals

in the enlarged glycogen body may function in a

similar way to the semicircular canals of the inner

ear (Necker, 2006).

Magnetoreception

In addition to using scent traces (see above) and

orientation from the Sun and stars, many birds are

apparently able to navigate using Earth’smagnetic

field as both as a map (determining location) and

compass (direction finding; see Beason (2005) for a

review).Homingpigeonshave recently been found

to possess the magnetic iron compounds magne-

tite and maghaemite in three areas under the skin

of the upper bill, and associated with the trigem-

inal nerve (Fleissner et al., 2007). Minute changes

in the orientation of these particles as the bird

changes its orientation within the magnetic field

are thought to be detectable by strain sensors. This

system could provide a three-axis magnetometer

sensitive to small changes in the strength and
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direction of the magnetic field, that could be used

for direction finding and determining position

within the magnetic field.

Neurons within the optic tectum of some spe-

cies have been found to react to changes in the

magnetic field, but only in the presence of light

(Beason, 2005). This suggests that a magnetic

input to the visual system is being directed by

stimulation of the retinal photoreceptors or, more

likely, that a light dependent magnetoreceptor is

present in the visual system (Beason, 2005;Maeda

et al., 2008). Although no receptor in the avian eye

has been shown to be sensitive to the weak mag-

netic field of the Earth, Maeda et al. (2008) have at

least demonstrated the feasibility of such a com-

pound. If this mechanism is correct, birds could

potentially be able to “see” the lines of the mag-

netic field independent of any trigeminal magne-

tite–maghaemite sensor they may possess. It

seems unlikely that birds are restricted to the

use of one system, which in order to work

would in any case also require input and integra-

tion of other more generalized sensory modalities

suchasvision, vestibular sense (Beason, 2005), and

possibly hearing (Hagstrum, 2001).

FOSSIL EVIDENCE FOR AVIAN BRAIN

EVOLUTION

The endocranial cavity of birds and mammals

represents a reasonably accurate approximation

of the shape and size of the brain that it houses

(Iwaniuk & Nelson, 2002; Striedter, 2005). Con-

sequently, the morphology and volume of the

brain in fossil birds can be studiedwhere sediment

has filled the endocranium after death and subse-

quently been lithified. Such endocasts are none-

theless exceedingly rare (Milner & Walsh, 2009),

and those that do survive are very often damaged

by mechanical processes to the point that only

grossmorphologymay remain.Apotentiallymore

serious problem is that the loss of surrounding

skull material generally makes even higher level

taxonomic identification of isolated endocasts

extremely difficult. Both factors severely limit

the information such natural endocasts may pro-

vide through comparative morphological studies.

Some information can also be gained through

examination of the endocranial surface, though

only in cases where the skull has been damaged.

Current approaches avoid all of these problems by

using micro X-ray computer tomography (mCT) to

examine the internal structures of skulls nonin-

vasively, offering the possibility to visualize inter-

actively the internal space as a positive three-

dimensional object, or “virtual” endocast (Witmer

et al., 2008). This approach is greatly increasing

the number of taxa for which brain morphology is

known, allowing a better assessment of trends in

avian brain evolution through time.

The oldest and best studied endocast is the

specimen partially exposed on the London speci-

men of Archaeopteryx lithographica (NHMUK

37001). Examination of the incomplete morphol-

ogy of this specimen led early workers (e.g. Edin-

ger, 1926; de Beer, 1954) to regard the brain of

Archaeopteryx as more reptilian than bird-like,

in that the visible half of the telencephalon does

not appear to be significantly expanded laterally or

caudally (Figure 11.6c and d). Jerison (1968) recon-

structed the endocast as more bird-like, but this

view was not confirmed until Dom�ınguez

et al. (2004) used mCT analysis on the specimen

to investigate brain and inner ear development,

demonstrating beyond doubt that the brain of this

basal avialan was more bird- than reptile-like in

shape and overall volume. Archaeopteryx shows

no evidence of a wulst, indicating that this struc-

ture had not yet appeared in early avialans.

Brain morphology is known for very few other

Mesozoic bird species. A composite endocast of

the Late Triassic Protoavis texensiswas described

by Chatterjee (1991) as an early bird, but the avian

affinities of this taxon are disputed (Dingus &

Rowe, 1998; Feduccia, 1999). The endocast as

reconstructed (Figure 11.6a) does appear to be

bird-like, although the telencephalon and cerebel-

lumare not as expanded as in the reconstruction of

Archaeopteryx made by Dom�ınguez et al. (2004).

Chatterjee identified a rostrally situated wulst on

his reconstruction, but its form and positionmake

it more likely that this structure represents dor-

sally expanded olfactory lobes (Figure 11.6a and b).

Evolution of the Avian Brain and Senses 293



Fig. 11.6 Natural and virtual endocasts of pre-Neogene fossil birds. (A) Reconstructed endocast of Protoavis texensis

(Late Triassic) in left lateral view, with (B) original author’s interpretation of morphology (modified after Chatter-

jee, 1991); virtual endocastof theholotypeofArchaeopteryx lithographica (Late Jurassic) in (C) dorsal and (D) left lateral

views (modified after Dom�ınguez et al. 2004); Cerebavis cenomanica (early Late Cretaceous) in (E) dorsal and (F) left

lateral views (original interpretationofKurochkinet al. (2007) labeled in italics,withour revised interpretationgiven in

normal font;modifiedafterKurochkin et al., 2007); digital endocasts ofOdontopteryx toliapica in (G) dorsal and (H) left

lateral views, andProphaethon shrubsolei in (I) dorsal and (J) left lateral views; line drawings of “Numenius” gypsorum

in (K) dorsal and (L) left lateral views (modifiedafterDechaseaux, 1970). (Images ofProtoavis texensis (Chatterjee, 1991,

figure 16a and e, p. 296) and Cerebavis cenomanica (Kurochkin et al., 2007, figure 2a and b, p. 310) reproduced with

permission of Royal Society Publishing. Images of Archaeopteryx lithographica �Nature Publishing.)
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Fragmentary endocasts of the Late Cretaceous

toothed birds Ichthyornis victor (Ichthyornithes)

and Hesperornis regalis (Hesperonithes) were

reconstructed by Marsh (1880) as being distinctly

reptilian in having enlarged, elongate olfactory

bulbs and a small telencephalon that did not

overstep the optic tectum of the mesencephalon.

However, this material was later shown by Edin-

ger (1951) to be too incomplete to provide much

evidence of the evolutionary grade at this time,

and the true condition in these taxa is not fully

resolved. Elzanowski & Galton (1991) provided a

detailed description of the inside of the braincase

of Enaliornis barretti (Hesperornithes), based on

three specimens from the Early Cretaceous of

England. They regarded the brain of Enaliornis

as rather primitive, with a relatively unexpanded

telencephalon. However, examination of these

specimens was only possible due to damage in

each, and the morphology of the rostralmost por-

tion of the brain of Enaliornis remains unknown.

No wulst is apparent on the preserved regions of

the telencephalon, but its presence on the missing

rostral portions is not precluded.

Most recently a potentially important new

specimen from the Late Cretaceous of Russia

was described as a “fossil brain,” probably from

an enantiornithine (Kurochkin et al., 2006, 2007).

Cerabavis cenomanica (Figure 11.6e and f) was

erected on this specimen and regarded as display-

ing a mix of characters typical of modern birds

(enlarged cerebellum, relatively smaller mesen-

cephalon) andmore primitive taxa (enlarged olfac-

tory bulbs). However, selected mCT slice images

published in Kurochkin et al. (2006) show clearly

that fossilized bone material fully surrounds the

specimen, and bony internal structures can be

identified within the object that are continuous

with the outer bone. There can be little doubt that

the specimen is an abraded skull rather than an

endocast. The published mCT slices do indicate

that the external shape of the skull closely con-

forms to the shape of the endocranium, demon-

strating that the brain possessed a short but

laterally and dorsally expanded telencephalon, a

large mesencephalon and small cerebellum.

Unfortunately, the taxon was erected without

a clear, unambiguous diagnosis, and must pres-

ently be regarded as a nomen dubium until a

thorough redescription is undertaken. Assuming

“Cerebavis” is indeed avian, this specimen is

likely to be important for future studies of avian

paleoneurology, particularly with respect to

whether the telencephalon of this taxon shows

evidence of a wulst. However, the preservation of

the specimen makes its assignment to a higher

taxon problematic. Nonetheless, the dermal skull

roof of “Cerebavis” appears to be fully fused, a

condition found in extant adult neognaths but not

Enantiornithes, suggesting it is unlikely to be

referable to that clade.

More endocasts are known from Cenozoic

deposits than from Mesozoic strata. A relatively

complete natural endocast of “Numenius

gypsorum” (Figure 11.6k and l) from the late

Eocene of the Paris Basin was described by

Dechaseaux (1970). This specimen is clearly mod-

ern in shape, although previous authors (Decha-

seaux, 1970; Jerison, 1973) did not detect the

presence of a wulst on the dorsal telencephalon.

However, Milner &Walsh (2009) showed that the

feature is present but rudimentarily developed.

Using mCT techniques, Milner & Walsh (2009)

also investigated brain and inner ear morphology

in two birds from the lower Eocene London Clay

Formation, England. These two species,Odontop-

teryx toliapica (Pelagornithidae; Figure 11.6g and

h) andProphaethon shrubsolei (Prophaethontidae;

Figure 11.6i and j) currently represent the oldest

neognaths for which brain morphology is known.

As with “Numenius” gypsorum, the brains (and

hearing capability;Walsh et al., 2009) of these taxa

proved to be modern in form, except that in Pro-

phaethon the wulst was far less well developed

than in living relatives (e.g. red tailed tropicbird,

Phaethon rubricauda), and the wulst ofOdontop-

teryx was as poorly developed as that of

“Numenius” gypsorum. The occurrence of such

rudimentarily developed wulsts in these three

taxa suggests that the structure was in an early

stage of development in the early Tertiary, and

that the first appearance of the feature and its

associated functions is likely to have been towards

the end of the Cretaceous.
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Other Tertiary endocasts come from Neogene

deposits. Ml�ıkovsk�y provided brief descriptions of

a relatively complete endocast and a fragment

from the lower Miocene of Czechoslovakia refer-

able to the Accipitridae (Ml�ıkovsk�y, 1980), seven

fragmentary endocasts from the middle Miocene

of Bavaria including Pelecanidae, Phasianidae and

Passeriformes (Ml�ıkovsk�y, 1988), and a fragmen-

tary specimen from the upper Pliocene ofHungary

referable to the Anatidae (Ml�ıkovsk�y, 1981). A

complete endocast referable to an extinct species

of penguin (probably Spheniscus urbinai) is also

known from the late Miocene of Chile (Walsh,

2001). Most recently, Picasso et al. (2009)

described a cast of the endocranium of an accipi-

trid from the Late Miocene of Patagonia. Brain

morphology in some Pleistocene and recent

species of ratites and vultures is also known

(e.g. Jerison, 1973; Ashwell & Scofield, 2007; Sco-

field & Ashwell, 2009), but these post-Paleogene

specimens show that all Neogene and younger

taxa possessed entirely modern brains, little

different from living members of the same genera

and families.

DISCUSSION

In our introduction we highlighted the observa-

tion that, in terms of overall volume relative to

body mass, the brain of a typical modern bird is

larger than that of a living diapsid reptile. This size

difference appears to hold true for Mesozoic arch-

osaurs (Larsson et al., 2000), although data are

generally too scarce to test variation in early repre-

sentatives of the group. How quickly the avian

brain reached its current state of expansion is thus

difficult to estimate, but we now know that bird

brains were already almost modern in size and

morphology by 55 Ma, and were probably little

different to those ofmodern birds by the end of the

Mesozoic (Milner & Walsh, 2009). The endocast

associated with the London specimen of Archae-

opteryx represents the only taxonomically reliable

evidence of brain development in an early avialan,

and demonstrates that relative brain enlargement

was already well underway towards the end of the

Jurassic (Dom�ınguez et al., 2004). Did the evolu-

tion of avian flight lead to this expansion?

The flying abilities of Archaeopteryx and other

early avialans have been hotly debated, and the

taxon has been central to arguments over how

flight evolved, primarily whether the ancestors of

birds took to the air via a “ground up” or “trees

down” route (e.g. Brugers & Chiappe, 1999;

Elzanowski, 2002; Longrich, 2006). However,

no matter how physically well adapted for life

in the air a bird may be, its flight would be crude

or impossible without sensitive somatic control.

When viewed in its role as a flight computer, the

development of the brain in key taxa represents

important evidence beyond what can be deduced

from studies of the skeleton and its mechanical

flight apparatus. Dom�ınguez et al. (2004) showed

that, relative to body size, the brain of Archae-

opteryx plots within the lower mass range of

living birds. Moreover, the telencephalon and

optic tectum of the mesencephalon were partic-

ularly well developed, exactly as would be

expected in a visually oriented animal engaged

in enhanced cognitive processing in an aerial

environment. These authors also demonstrated

a well-developed vestibular sense in this species

through the form of the inner ear labyrinth. The

regions that process balance and orientation

information, the cerebellum and cerebellar floc-

culus, were also well developed. This evidence

certainly lends support to the idea that Archae-

opteryx was equipped for flight despite lacking

the refined flight apparatus of living birds.

Jerison (1973) pointed out that the evolution of

flight alone is unlikely to wholly account for the

increase in brain size in birds. For instance, the

brain of bats is not relatively larger than that of

other mammals, suggesting that no significant

expansion was necessary in that group to coordi-

nate flight. Nonetheless, the brains of pterosaurs

do showa similar brain/bodymass ratio toArchae-

opteryx (Witmer et al., 2003), together with a

similar morphological reorganization to that

seen in birds (Edinger, 1941; Lewy et al., 1992),

and enlarged semicircular canals (Witmer, 2004).

Safi et al. (2005) also found that extant bat species

with maneuvrable flight living in complex
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environments have larger brains relative to body

size than bats in more open environments. Their

results broadly suggest that larger brains are nec-

essary for enhanced neurological control in such

environments, but that there is an energetic trade-

off between the benefits of a large brain and the

increased metabolic cost of its enlargement rela-

tive to the energetics of flight that in some aerial

environments can lead to selection for a decrease

in overall brain size. To our knowledge this rela-

tionship has not been tested in birds.

If an energetically expensive large brain is

needed to coordinate flight, one would expect

the drive to conserve energywould lead to a reduc-

tion in thebrain size of secondarilyflightless birds.

Considering the tendency of flightless species to

be larger than their volant relatives, one would

also expect this effect to be compounded where

evolution of a greater bodymass exceeds increases

in brain size.Relatively smaller brains inflightless

birds were indeed found in one study (Bennett &

Harvey, 1985), and Corfield et al. (2008) reported

that the brain sizes of living palaeognaths (mostly

flightless) are smaller than those of neognaths,

with the notable exception of the kiwi. However,

thenumber offlightless neognath taxaused in that

study is unclear, limiting the comparability of

those results for testing brain size relationships

across flightless and volant living species. By com-

parison, Iwaniuk et al. (2004b) found no such

relationship except in the kakapo (Strigops hab-

roptilus) and extinct great auk (Pinguinus impen-

nis). One possible reason for their results is that

brain size reduction has lagged behind because the

majority of brain growth occurs before the body

has grown to full size (Iwaniuk & Nelson, 2003).

Another might relate to the potential of second-

arily flightless birds to retain the larger brain of

their ancestors through thenet energy savings that

would accompany forelimb reduction. However,

this is unlikely to apply to all species; the fore-

limbs of penguins presumably require as much

energy as those of volant species in order to

“fly” through the far denser medium of seawater.

Nonetheless, flight muscles and large brains are

particularly metabolically expensive (Isler & van

Schaik, 2009). The observation that flightless

species have not evolved larger brains after

being freed from the energy requirements of flight

suggests that such evolutionary drivers in terres-

trial environments have been less powerful than

those for the evolution of flight.

If relative brain size alone is not directly related

to the ability to fly, can the brain of a flier or

nonflier be recognized based on morphology?

Avian brain size scales primarily with body size,

but the relative volume of specific regions is var-

iable between species. As mentioned earlier, the

relative expansion of the telencephalon, cerebel-

lum, and optic tectum, together with contraction

of the olfactory lobes relative to the other regions,

were key steps leading to the avian brain shape we

know today. Consequently, brain morphology

may be more informative than overall size in

terms of changes in behavior-related processing

capacity (Iwaniuk & Hurd, 2005; Striedter, 2005).

It has become increasingly apparent that many

nonavian theropods also possessed bird-like brains

(particularly in terms of an expanded telencepha-

lon and cerebellum) as well as more obvious bird-

like attributes such as feathers (e.g. Osmólska,

2004; Kundr�at, 2007; Balanoff et al., 2009; Norell

etal., 2009).Thecerebellarflocculus, important for

stabilization of the visual image and normallywell

developed in birds, appears to be equally well

developed in these theropod taxa. It is difficult to

imagine a reason for such neural development in

terrestrial taxa (but see Sultan, 2005), and these

discoveries have consequently fueled the debate as

to whether these taxa actually represent secondar-

ily flightless birds rather than bird-like theropods

(e.g. Kundr�at, 2007; Kavanau, in press). One would

expect a significant difference between the size

and/or form of the cerebellar flocculus in volant

andnonvolant species, but thishasnot been tested.

Likewise, there appears to have been no work that

has demonstrated a relationship with telencepha-

lon size and flying ability. Thus, with the possible

exception of the kiwi, the brains of flightless birds

are not immediately obvious as such.Multivariate

analysis of relative brain region volumes (sensu

Iwaniuk & Hurd, 2005) may prove the best

approach for distinguishing a “flying” from a

“nonflying” brain. However, at present there
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seems to be no consistent relationship between

flying ability and either brain size or morphology.

One possible reason for this apparent absence of

a clear pattern might be that the neural adapta-

tions needed for flight were already present in the

flightless ancestor of Aves, andwere subsequently

adapted and honed for this new use (Witmer &

Ridgely, 2007). If so, the regional and whole brain

expansion seen in Archaeopteryx and Cretaceous

nonavian maniraptoran theropods would have

been inherited from a common ancestor. This

hypothesis poses the question of what was the

purpose of these adaptations in that common

ancestor. One explanation for the expansion of

the telencephalon might relate to drivers toward

enhancement of cognition.

A wealth of data is emerging that links telen-

cephalon size in living birds to a variety of factors

including new problem-solving feeding behaviors

(Lefebvre et al., 1997; Nicolakakis & Lefebvre,

2000; Timmermans et al., 2000; Lefebvre et al.,

2004; Iwaniuk & Hurd, 2005) and associated tool

use (Lefebvre et al., 2002; Cnotca et al., 2008), and

even the presence of consciousness (Eccles, 1992;

Butler & Cotterill, 2006; Prior et al., 2008). Apart

from some striking instances of sequential and

meta-tool use that exceed the abilities of nonhu-

man primates (Hunt & Gray, 2007; Wimpenny

et al., 2009), some species are thought to exhibit

social learning (Tebbich et al., 2001) and complex

social behaviors (Clayton et al., 2007; Emery

et al., 2007) such as cooperative hunting (Yosef

& Yosef, in press). Although undoubtedly

enhanced in those modern groups (especially cor-

vids and parrots) compared with early birds and

their immediate ancestors, such improvements in

cognition would presumably represent a compet-

itive advantage over less encephalized coeval

species. For instance, increased encephalization

has been linked to species richness (Nicolakakis

et al., 2003) and success during introduction to

new environments (Marino, 2005; Sol et al., 2002,

2005). In this context, themetabolic cost of a large

brain may well be offset by the improved success

in exploiting available resources, possibly provid-

ing a further explanation for the retention of large

brains by flightless birds.

An arboreal lifestyle may account for the pre-

flight expansion of the cerebellar flocculus in this

hypothetical avian ancestor; visual stabilization is

equally necessary in an environment of moving

branches (e.g. inprimates;Belton&McCrea,2000).

Expansion of the cerebellum as a whole also may

relate in part to growth of specific centers that deal

with snout and tongue manipulation of objects

(Sultan, 2005). This would be consistent with the

cognition hypothesis suggested for nonflight-

related telencephalon expansion, since environ-

mental manipulation and sensing are prerequisite

information inputs for decision making. Sensory

input may also have been an important factor for

increases in avian brain size from the end of the

Mesozoic to the Neogene; the largely Paleogene

development of the wulst, and presumably its

visual functions, appears to have been part a sec-

ondary pulse of telencephalic expansion. The rea-

son for thisPaleogenewulst expansion is presently

unknown. To what extent the early telencephalic

expansion in the ancestor of Aves was related to

visual cognition is impossible to say, although

Archaeopteryx was certainly visually oriented

(Dom�ınguez et al., 2004). Garamszegi et al.

(2002) suggested that eye (especially nocturnality

and visual prey capture technique) and brain size

has coevolved in birds. This relationship is logical,

considering that the retina is an extension of the

diencephalon, and that the optic nerve bundle

should be proportionately broader in larger eyes

depending on the ratio of rods to cones on the

retina. However, attempts to predict visual abili-

ties such as diurnality/nocturnality in fossil and

osteological specimens so far have been inconclu-

sive (Hall&Ross,2007;Hall, 2008;Schmitz,2009).

Further work is clearly needed to investigate

and test the validity of these suggestions, and their

bearing on the evolution and loss of flight in birds

and dinosaurs.

CONCLUSIONS

Our knowledge of how the avian brain and senses

function on a cellular level has advanced greatly

over the past few decades, leading to a better
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understanding of bird behavior. However, until

recently investigations of how the avian brain

evolved to its present state were dependent

upon a small amount of evidence from several,

mostly damaged, specimens. These suggested that

the avian brain had expanded from its ancestral

diapsid state over a period spanning pre-Late Juras-

sic to earlyNeogene time, based onwhatwas then

known of the brain of the earliest known avialan

and the fully modern brains of Miocene taxa

(Jerison, 1973). The advent of noninvasive mCT

approaches has greatly increased the number of

taxa for which brain size and morphology are

known, revealing that the brain was almost mod-

ern in size and form early in the Neogene, and

constraining the timing of specific brain region

development.

The senses and cognitive ability of birds are

quite remarkable and offer obvious parallels for

studying neurological evolution in our own group,

the primates. Key questions that remain to be

answered nonetheless center on the nature of

the evolutionary drivers for avian brain expansion,

and whether behavior (e.g. flying ability versus

flightlessness) can be determined from gross fea-

tures of the brain, such as form and size. These

questions in turn should hold the key to finally

resolving debates about the evolution of avian

flight, as well as the true nature of bird-like ther-

opods. Providing suitable new fossil specimens

from important stages in avian evolution can be

found, the use of new technologies such as three-

dimensional visualization of X-ray and synchro-

tron data is likely to supply the necessary data

with which to address these questions.
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The age of the modern bird (Neornithes) origin

and radiation has been greatly debated for over a

century and remains contentious. Times of ori-

gin and diversification among neornithine birds

have been interpreted variably from paleontolog-

ical data, and more recently from analysis of

molecular data. An apparent conflict (albeit not

always clearly defined) between these two types

of data is often highlighted (Brown et al., 2008;

van Tuinen et al., 2006). We are now at a crucial

time where molecular information can be con-

strained explicitly in a probabilistic framework

by both the fossil record and its uncertainty in

order to further investigate this apparent discrep-

ancy between molecular and fossil chronograms.

In addition, an overwhelming benefit of modern

molecular approaches is to provide divergence

time estimates where paleontological informa-

tion is lacking or uncertain. In this chapter, we

highlight (i) the history of opinions on the antiq-

uity of the neornithine tree, culminating in the

oft-heated “rock–clock” debate, (ii) current state-

of-the-art modeling of historically variable

molecular substitution rates (i.e. “relaxed molec-

ular clocks”), and (iii) limitations (and future

prospects) of present molecular phylogenetic dat-

ing techniques.

UNDERSTANDING OF AVIAN

EVOLUTIONARY HISTORY PRIOR

TO CLADISTIC THOUGHT (PRE-1960S):

FOSSILS INTERPRET AN ANCIENT ORIGIN

OF MODERN BIRDS

In the 19th century, comparison of known fossil

extinct birds (Archaeopteryx, Ichthyornis,

Hesperornis) to extant birds implied an ancient

origin of modern birds. Early workers were

impressed with the similarities between ratites

(e.g. Ostrich, Emu, Kiwi) and dinosaurs. For exam-

ple, Huxley (1868) famously pointed out that the

dinosaur Compsognathus represents an interme-

diate stage towards modern birds. He suggested a

scenario in which early ratites descended from

Compsognathus and gave rise to modern birds.

Huxley viewed the divergence of birds and dino-

saurs as taking place in the late Paleozoic and he

consideredArchaeopteryx to bemore derived than

some living ratites. One year earlier, Cope (1867)

argued for a diphyletic origin of birds. The flight-

less penguins and ratitesweremore closely related

to dinosaurs,whilemodern birds evolved indepen-

dently from Archaeopteryx through pterosaurian

ancestry. Similarly, Vogt (1880) suggested that

dinosaurs led to ratites, but he considered the
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ancestor of Archaeopteryx and nonratite birds to

be a lizard. This evolutionary scenario was fol-

lowed by Mivart (1881). Subsequent to the first

findings of Hesperornis, several workers empha-

sized the anatomical similarities between this

flightless lineage and the living ratites, particu-

larly in lacking a keel on the sternum. Wieder-

sheim (1884, 1885) set out a detailed description of

his view on the separate origin of the flightless

ratites and other modern birds. According to his

view, one lineage consisted ofmodern volant birds

and Archaeopteryx sharing a common scaled-

lizard-like ancestor with pterosaurs. The other

lineage included ratites and Hesperornis as direct

descendants of dinosaurs. These two lineages con-

verged somewhere in the late Paleozoic or early

Triassic in a common “Ur-ancestor.” Lowe (1928)

considered ratites as primarily flightless and he

proposed that ratites were ancestral to Archaeop-

teryx, Ichthyornis, andmodernvolant birds.Thus,

the perception of an ancient (and sometimes dual)

origin of modern birds (Paleozoic or Triassic) was

not an isolated one, but shared by many authors

until the middle of the 20th century (see also;

Lindsay, 1885; Lucas, 1916; von Steinmann, 1922;

Heilman, 1926; Holmgren, 1955; Verheyen, 1960;

von Blotzheim, 1960; Friant, 1968). These scenar-

ios are certainly beyond the current discussion,

but they illustrate the propensity of early workers

to emphasize character similarities in avian

classifications and to viewmodern birds as having

an ancient origin among reptiles.

DUAL PERSPECTIVES ON THE HISTORICAL

DEPTH OF THE AVIAN TREE: CLADISTIC

REINTERPRETATION OF FOSSILS AND

THE “ROCK–CLOCK” DEBATE

Two paradigm shifts occurred in the 1960s

thatadvancedourunderstandingof avianevolution-

ary history. These shifts were the development

of cladistics in classification (Meise, 1963;

Hennig, 1966), and the molecular clock in genetics

(Zuckerkandl & Pauling, 1962, 1965). Although

initial use was infrequent, both methods have

become increasingly popular since the 1990s

through the development of faster computers,

algorithms, and polymerase chain reaction (PCR).

In the 1990s, major gaps betweenmodern birds and

Archaeopteryx were filled in with the findings of

many Enantiornithines, Confuciusornis, and Pata-

gopteryx (Chiappe, 1995; Chapter 3, this volume).

Soon thereafter, major divisions among modern

birds were becoming defined by molecular data

(Sibley & Ahlquist, 1990; Groth & Barrow-

clough, 1999; van Tuinen et al., 2000) and the

phylogenetic history of modern and extinct birds

elucidated (Chiappe & Dyke, 2002, 2006). Cladistic

reinterpretation has removed the majority of

Cretaceous “modern birds” from Neornithes,

while other putatively “modern” birds are too

fragmentary to be of cladistic use (Dyke & van

Tuinen, 2004). Thus, upon reevaluation of the fossil

evidence, Neornithes was reinterpreted as a much

younger taxon, with diversification largely being

limited to the Cenozoic (the extreme viewpoint

represented byFeduccia, 1995, 2003). The published

exception is that of Vegavis iaai, a Cretaceous

member of modern waterfowl (crown Anatoidea;

Clarke et al., 2005). This fossil, dated at ca.

66–68Ma (million years ago), constrains a mini-

mally Late Cretaceous divergence of crown Anser-

iformes,Galloanseres,NeognathaeandNeornithes.

The first DNA-sequence-based avian chrono-

grams were also reconstructed during the mid-

1990s (Cooper & Penny, 1997; Hedges et al.,

1996). Following thedevelopment of sophisticated,

user-friendly software (see below), several diver-

gence-time studies followed in quick succession

(Kumar&Hedges, 1998;Waddell et al., 1999; Had-

drath & Baker, 2001; van Tuinen & Hedges, 2001;

Paton et al., 2002; Baker et al., 2006, 2007; Ericson

et al., 2006; Pereira & Baker, 2006a, 2006b, 2008;

Slack et al., 2006; van Tuinen et al., 2006;

Brown et al., 2007, 2008; Pereira et al., 2007;

Wright et al., 2008). Utilizing a variety of meth-

ods and fossil calibrations, all mitochondrial

studies estimated Mid- to Early Cretaceous

divergences (100–140Ma) between Paleog-

nathae and Neognathae (van Tuinen, 2009). In

addition, of constructed chronograms for 12 bird

orders, nine support a Cretaceous crown ordinal

divergence (Ratitae, Galliformes, Anseriformes,
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Charadriiformes, Passeriformes, Falconiformes,

Psittaciformes, Strigiformes, Apodiformes), with

younger divergence times for the remaining inves-

tigated orders (Piciformes, Sphenisciformes,

Columbiformes) (for a summary, see Hedges &

Kumar, 2009). Some of these times may not

reflect ordinal diversification due to uncertainty

regarding monophyletic status (e.g. Falconiformes,

Gruiformes, Ratitae) but themajority of these ordi-

nal ages signify extensive gaps in the fossil record. It

is presently unclear to what extent taxon sampling

(Linder et al., 2005; van Tuinen et al., 2006; Hug&

Roger, 2007), fossil sampling (Hug & Roger, 2007),

rate heterogeneity (Pereira & Baker, 2006a), geno-

mic sampling (van Tuinen & Hadly, 2004), incor-

rect modeling of rates and substitution patterns

(Brown et al., 2007; Brown et al., 2008; Svenn-

blad, 2008), incorrect fossil constraints (Brown

et al., 2007; Ksepka, 2009), or true lack of fossils

are responsible for these tremendous gaps.

Exegesis of the relevant literature on fossil and

molecular divergence time estimates culminated

in the (unfortunately) so-called “rocks vs. clocks”

debate (Benton, 1999; Easteal, 1999), where

(generally speaking) one source of historical

information was regarded as vastly superior to

the alternative. No attempt will be made here to

chronicle this supposed debate, as it is presently

clear that paleontological and molecular data are

largely complementary (van Tuinen et al., 2006):

fossils necessarily post-date divergence (specia-

tion) events (being products of such events),

while molecular estimates (which, generally

speaking, ignore coalescent times) generally pre-

date divergence events (Magallón, 2004; Brown

et al., 2008). Thus, estimates from paleontological

vs. genetic data likely act to bracket actual speci-

ation (divergence) times of neornithine taxa. In

this same vein, the perceived “gaps” inferred from

fossil vs.molecular data are almost entirely depen-

dent upon hypotheses derived from information

extrapolated from genetic sequence data of extant

taxa (since fossil age is unlikely to change appre-

ciably upon re-evaluation). So, given that current

(mostly mitochondrial) molecular estimates are

unapologetically ancient, how might this per-

ceived temporal pattern be altered?

Unless lineage effects on genomic rates are sig-

nificantly different between birds and mammals,

both accuracy and precision of divergence time

estimateswill likely increase inbirdswithanalysis

of more nuclear data (van Tuinen & Hadly, 2004a,

b ). Nuclear-based chronograms are now becoming

availableandprovideuseful comparison toexisting

mitochondrial estimates.These data are extremely

desirable for two important reasons: (i) generally

evolving much more slowly than mitochondrial

DNA, nuclear DNA sequences are free of substi-

tutional saturation for much longer time periods,

which isparticularlygermanetoestimating theage

of deep nodes in the avian evolutionary tree; and

(ii) the nuclear genome offers a nearly unlimited

number of unlinked, independent loci with which

more general divergence time estimates can be

made (while, because of physical linkage, the 37

genes of the mitochondrial genome constitute a

single, potentially idiosyncratic, “superlocus”).

Whether these data reduce the gap between

rocks and clocks is the focus of current research.

The number of nuclear loci in use is currently

small, algorithms are not always appropriate

(Brown et al., 2007), and nuclear data are often

perceived as complementary instead of alternative

source of historical information. Sequencing of a

plethoraofnucleargenes for allmajornonpasserine

families (Ericson et al., 2006; Hackett et al., 2008)

and improved modeling of rates among birds with

many fossil constraints will reinvigorate investi-

gation into the antiquity of modern birds. It has

already been pointed out that fossil gaps are not

universally distributed in birds but appear to be

limited to the stemgroupofmodernbird orders and

families (van Tuinen et al., 2006).

EXTRACTION OF PHYLOCHRONOLOGICAL

INFORMATION FROM MOLECULAR

SEQUENCE DATA: EVOLUTION OF OUR

UNDERSTANDING OF THE “EVOLUTION

OF THE RATE OF EVOLUTION”

Evolutionary biologists are ultimately interested

in biological diversity – how it is generated, how

it is maintained, and how it is lost. Clearly our
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understanding of biodiversity would be incom-

plete without a temporal perspective. How long,

for example, does it take for a clade to reach size x?

When did novel adaptive innovation y evolve?

What geophysical/environmental phenomena

likely triggered speciation event z? It is here that

the “molecular clock” proves itself an extremely

useful concept, as it allows elucidation of not only

the timing of macroevolutionary events, but also

the extent of their temporal clustering – what we

mightdubthe“phylochronological”signal.Extrac-

tion of this signal enables us to construct more

informed hypotheses regarding the processes and

mechanisms of diversification. Indeed, for taxa

with poor or absent fossil records, a molecular

clock may be the only means by which to infer

phylochronological patterns. However, despite its

utility, the“molecular clock”concepthasrequired

considerable retooling toaccommodate thehetero-

geneity ubiquitous to large molecular data sets

(Bromham&Penny,2003;Magallón,2004;Rutsch-

mann, 2006; Welch & Bromham, 2005). On the

wholewecanperceivea trend tomakingmolecular

clockmodelsmore general by relaxing simplifying

assumptions of previous implementations.

Molecular clock theory was borne of the pio-

neering work of Emile Zuckerkandl and Linus

Pauling (Zuckerkandl & Pauling, 1962, 1965),

and Emanuel Margoliash (1963). Working with

mammalian protein sequences, these authors

remarked that sister lineages contained very sim-

ilar numbers of amino acid substitutions. From

these empirical observations they posited that

although molecular substitution is best regarded

a stochastic process, over long periods of time it

can be considered approximately constant at

rate l. This simple yet powerful hypothesis yields

testable predictions,which, if passed, enablesus to

interpret a molecular phylogeny in terms of abso-

lute time rather than a simple nesting of clades.

Assuming a strictmolecular clock, dating of nodes

in a tree is a trivial task. The time to the most

recent common ancestor, tMRCA, of two taxa

separated by genetic distance d is calculated as:

tMRCA ¼ d

2l

(the coefficient 2 is required because both lineages

undergo substitutional accumulation in time t).

This equation assumes, of course, that the

(constant) rate of molecular evolution l is

known. The value of l usually comes from the

calibration of genetic distances with the fossil

record (see below), although occasionally dates

of biogeographic events are used in place of fossil

calibrations. Extending this to multiple taxa is

straightforward, since all lineages within the

tree are assumed to share the same value of l,

although there will generally be a need to correct

for stochastic deviations from ultrametericity (i.e.

that all terminal branches in the phylogram line

up at the present). Unfortunately, most present

day molecular data sets reject the economy of the

strict molecular clock. Avian dating studies wish-

ing to employ a global molecular clock therefore

require data pruning, either via “gene-shopping”

(Hedges et al., 1996; Kumar & Hedges, 1998) or

“taxon-shopping” (van Tuinen &Dyke, 2004; van

Tuinen & Hedges, 2001), to obtain a matrix that

will not reject a molecular clock. This is a reason-

able practice if one believes that the majority of

genes and taxa conform to expectation. However,

this is unreasonable if one wishes to retain all

hard-earned data within an analysis, or if one

believes that the processes of substitution are

more heterogeneous. Indeed, on the timescale of

neornithine evolution one might predict that the

signal of a strict molecular clock would decay

due to stochastic variations alone. We will briefly

summarize here the most popular approaches to

estimating divergence times with nonclock-like

data.

Overdispersed clocks

Rejection of a molecular clock is typically consid-

ered as evidence for rate variation across lineages.

However, as Gillespie & Langley (1979) argue, the

molecular clock hypothesis (as commonly

employed) actually consists of two constituent

assumptions: (i) that substitution rates are con-

stant, and (ii) that substitutions occur according

to a Poisson process. An alternative interpretation

of lineage-specific variability in the number of
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substitutions could thus be to question the second

assumption; specifically, whether the variance

afforded through a Poisson distribution (where

the variance is equal to themean) of substitutions

through time adequately describes the variability

we observe in empirical data sets. This interpre-

tation is validated through use of alternative

Gaussian (Cutler, 2000) and negative binomial

(Bedford et al., 2008) distributions which ade-

quately describe lineage-specific substitution

counts where a Poisson distribution fails. An

interesting corollary of this alternative constant-

rate high-variance molecular clock hypothesis is

the absence of any assumed correlation of rate

with phylogeny (see below); in an overdispersed

clock long branches need not be clustered on

a tree, because “rate of evolution” is not assumed

to be a heritable trait (a strict molecular clock, in

contrast, carries with it the implicit assumption

that substitution rate is entirely heritable). Indeed,

application of Cutler’s (2000) method (as imple-

mented in the program dating5) to avian mtDNA

sequence data revealed distinct temporal diversi-

fication patterns not revealed through othermeth-

ods (Brown et al., 2008). Whereas autocorrelated

methods (see below) generally infer gradual pat-

terns of diversification, the overdispersed recon-

struction infers both short periods of extensive

diversification and long periods of stasis. Despite

the perceived promise and interpretive simplicity

of an overdispersed clock, existing analytical pro-

grams are limited and thus are rarely used.

Local clocks

The more common approach to the rejection of

a Poisson-distributed molecular clock is to

assume among-lineage rate heterogeneity. The

most straightforward way to extend the original

molecular clock concept to accommodate rate

variation across a tree is to employ “local” molec-

ular clocks (Yoder & Yang, 2000). Here, regions of

a tree are assumed to evolve according to a strict

Poisson-distributedmolecular clock, but different

clades can have different rates li. This is certainly

a better description of empirical data, as different

clades of birds display markedly different rates of

molecular evolution as revealed through trends in

branch length heterogeneity in reconstructed

phylograms (e.g. Hackett et al., 2008). However,

the number of individual local clocks and their

discrete placement in the tree is inherently sub-

jective. Although various local clock models can

be compared statistically (in the program PAML;

Yang, 2007), the local clock approach has largely

been abandoned for approaches that let the data

themselves indicate where changes in evolution-

ary rate likely occur within a tree.

Rate smoothing

The local clock approach above assumes a few

(potentially great) discrete changes in the Poisson

rate of substitution li across a tree. Amore general

approach is to allow an arbitrary number of such

changes in li, but to “smooth” transitions in

rate to minimize large changes. Two general

approaches exist, these differing in the direction

of smoothing; it is debatable which direction is

optimal. On the one hand, sister lineages are by

definition the exact same age, and because they

share a recent common ancestor they are likely

of similar size, life history traits, DNA repair

efficiency, etc. – characteristics that are thought

to influence substitution rates. It therefore seems

sensible to focus on sister lineages when mini-

mizing deviations from amolecular clock. This is

the approach that PATHd8 (Britton et al., 2007)

takes, and can be regarded as a smoothed local-

clock approach. Here, path lengths are averaged

successively from the tips of a tree back through

internal nodes. The averaged sister pathlengths

are assumed to obey a strict Poisson molecular

clock, although different sister-pairs can have dif-

ferent rates because of branch length differences or

reference to simple fossil-imposed age constraints.

The simplicity of the calculations involved allow

for the dating of very large trees (hundreds of taxa),

very quickly (typically� 1 s of computation).

However, when applied to avian data (Ericson

et al., 2006), the approach infers divergence time

estimates that are strikingly younger than those

from alternativemore rigorous approaches (Brown

et al., 2007, 2008), suggesting that themethodmay
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be overly simplistic. Indeed, the current imple-

mentation of PATHd8 has been demonstrated to

be statistically biased, generating overly young

and precise divergence time estimates for even

relatively simple simulated sequences (Svenn-

blad, 2008). More work is required to see if this

method can be rescued, but at the moment it is

best considered with caution.

The alternate direction of smoothing, from

ancestor to descendant branches, may therefore

be more reasonable; indeed, the evolution of rate

variation from ancestor to descendant branches is

the very process we are trying to understand. If the

trait “rate of molecular substitution” is heritable

to any degree (for instance, because of inheritance

of DNA-repairing enzymes), then smoothing in

this direction can be expected to extract more

meaningful information. The program r8s

(Sanderson, 2003) takes such an autocorrelated-

rates approach, but penalizes rates that change too

quickly across the tree in a fashionakin to smooth-

ing in regression analysis. In nonparametric rate

smoothing (NPRS; Sanderson, 1997) optimal rates

and dates are inferred by simply minimizing the

penalty function. However, NPRS is generally not

recommended for most data sets as it tends

towards overfitting, inferring large fluctuations

in rate where short branch lengths are located.

The alternative semiparametric penalized

likelihood (PL; Sanderson, 2002) approach is an

extension to NPRS which involves a smoothing

parameter that controls the relative contributions

of rate smoothing and data-fitting; large values

of the smoothing parameter favor minimizing

rate changes over data-fitting (tending towards

a molecular clock), while small values of the

smoothing parameter tend towards NPRS. The

optimal smoothing value is determined through

a data-driven sequence-based cross-validation

procedure. Application of this method to avian

data matrices has yielded reasonably consistent

divergence time estimates that generally agree

with more realistic, computationally intensive

approaches (Haddrath & Baker, 2001; Paton

et al., 2002; Harrison et al., 2004; Baker

et al., 2005; Brown et al., 2008). Nevertheless,

the method (as currently implemented) has the

drawback that a single global smoothing parame-

ter controls the extent of rate change across an

entire tree. This assumptionmay be unreasonable

for trees that potentially span tens or hundreds of

millions of years if constraints on substitution

rate variability have changed appreciably over

evolutionary time. Likewise, the autocorrelation

assumption that forms the basis of r8s smoothing

has recently come under question (Drummond

et al., 2006), and for birds specifically (Brown

et al., 2008), although the extent of the decay of

autocorrelation of rates is likely dependent upon

taxon sampling and tree age.

Modeling “relaxed” clocks

Amore rigorous approach to dating nonclock-like

molecular genetic sequence data is to explicitly

model rate heterogeneity itself. Although much

more computationally time-consuming than the

methods above, these model-based approaches

have two basic advantages: (i) they extract more

biologically interpretable information, and (ii) the

relative fit of alternative candidate relaxed-clock

models to empirical sequence data can be com-

puted statistically using existing tools. Modeling

rate heterogeneity generally takes one of two

forms: (i) modeling the process of rate change

across a tree, or (ii) modeling the product of

such rate changes. The former methods require

assumptions about how rate change proceeds over

evolutionary time. The most highly utilized

model of this type was developed through the

work by Jeff Thorne and colleagues on modeling

the “the rate of evolution of the rate of evolution”

(Thorne et al., 1998;Kishino et al., 2001;Thorne&

Kishino, 2002). Implemented in the popular

MCMC program Multidivtime (Thorne, 2003),

this model implicitly assumes an autocorrelated

process of rate evolution from ancestor to descen-

dent branches. Specifically, the model assumes

that the substitution rate at the descendent branch

conforms to a lognormal distribution, themean of

which is equal to the logarithm of the rate at its

ancestral branch. The variance of this lognormal

distribution is determined by both a sampled auto-

correlation parameter n and the inferred length of
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time separating the two nodes. An intuitively

satisfying property of this approach is that sister

branches, while being autocorrelated (to some

degree) in rate to their common ancestral branch,

can nevertheless potentially differ considerably

from one another. This model has been applied

extensively to avian data matrices (Pereira &

Baker, 2006a,b , 2008; Slack et al., 2006; Baker

et al., 2007; Brown et al., 2007, 2008; Pereira

et al., 2007, and is largely responsible for the

statistically robust Cretaceous molecular time-

scale that has been emerging over the past decade

(Figure 12.1). Nevertheless, Multidivtime is start-

ing to show its age, being limited to a simple

substitutionmodel (F84þG),which is inappropri-

ate for large taxon and/or character samples, and

simple “hard” age calibrations (upper, minimum,

or fixed; see below).

Alternate approaches to modeling autocor-

related-rates across a tree are based upon the

Ornstein–Uhlenbeck (OU) process. Also called

a “mean-reverting process,” here rates can change

across a tree in a near-Brownian fashion, although

an equilibrium rate is enforced through use of

a “spring” restraint that “pulls” a rate (either

down or up) towards the equilibrium rate with

a force proportional to how far it is removed from

the mean; in effect, the model penalizes extreme

rates. Unlike the autocorrelated lognormal model

of Multidivtime, the OU model (and its variants;

see below) possesses a stationary distribution (i.e.

the mean and variance do not change over time or

across the tree), and hence is a very different

conceptual take on the process of rate evolution;

whereas in Multidivtime a branch-specific rate is

explicitly tied to its ancestral branch rate, inmeth-

ods employing theOUprocess all rates are instead

tied to the same underlying equilibrium rate. The

idea of the reality of an “underlying equilibrium

rate” is a deep and provocative assumption about

the process of rate evolution, and in a way the OU

approach can be thought of as modeling the dis-

tribution of rates around an “absolute” molecular

clock. An early implementation of theOUprocess

for phylochronological analysis (in the program

PhyBayes; Aris-Brosou & Yang, 2002, 2003) was

shown to be flawed through inappropriate priors

overly influencing the results (Welch et al., 2005);

in particular, the priors were biased to infer

higher rates of substitution near the root of the

tree. However, the recent implementation of

the “CIR” model (essentially a “squared-OU”

model, which preserves rate positivity and avoids

the prior bias above) in the program PhyloBayes

overcomes many of these problems, and is well

supported by empirical data (Lepage et al., 2007).

Despite the promise and success of this approach,

its very recent development has meant that avian

molecular genetic data have yet to be analyzed in

this way.

While the models above represent autocorre-

lated rate evolution as a continuous process, it is

also possible to build piecewise relaxed

clockmodels. For example, the compoundPoisson

stochastic process approach of Huelsenbeck

et al. (2000) assumes that substitutions generally

occur according to the standard Poisson-

distributed molecular clock, but that changes in

rate li occur along the tree according to an inde-

pendent Poisson process. Using standard MCMC

machinery, divergence times and their associated

credibility intervals can be estimated while

accommodating uncertainty in all other model

parameters, including the frequency and degree

of discrete rate changes. This model can be

thought of as a generalized local clock approach,

buthas an advantage over the subjective procedure

above in that the number, degree, and location of

the inferred shifts in substitution rate are data-

driven instead of investigator-proclaimed. Unfor-

tunately, a lack of development beyond its

introductory paper (Huelsenbeck et al., 2000),

together with a lack of available software (but

see Himmelmann & Metzler, 2009), has meant

that this straightforward and biologically inter-

pretable approach has yet to realize its potential.

In contrast to the models above, the second

class of models, those that model the product of

rate heterogeneity, do not make any explicit

assumptions about how rate changes. Rather,

these models make assumptions about the

shape of the resulting distribution of rates, and

assume that branch-specific rates are each

drawn independently from this distribution.
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Using MCMC methodologies, proposed branch

rates are accepted at a frequency that is propor-

tional to their posterior probabilities. Unlike the

other models above (but similar to the overdis-

persed clock), these models make no assumptions

regarding an autocorrelation of substitution rates

across a tree, and so are frequently referred to as

“uncorrelated” models. There is good reason to

question the autocorrelation assumption; even if

“rate of evolution” is heritable, the accumulation

of stochastic variation over millions of years may

mean that autocorrelation decays to zero along the

Fig. 12.1 Molecular genetic evolutionary timescale of neornithine diversification inferred from the analysis of data from

Hackett et al. (2008) utilizing a Bayesian uncorrelated lognormally-distributed relaxed molecular clock in BEAST (Brown

et al., unpublished data). The vertical dashed line identifies the Cretaceous–Paleogene (K–Pg) boundary.
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branches separating the nodes in a tree (Drum-

mond et al., 2006). Regardless, relaxing the

autocorrelation assumption means that autocor-

relation itself can be tested; if rates are indeed

autocorrelated (and sufficient signal is present in

the data) then the sampled rates should reflect

that pattern. Autocorrelation has only been eval-

uated once in a broad-scale sample of Neornithes

(Brown et al., 2008), and was rejected. However,

because of the time-dependency of autocorrela-

tion decay, recovery of a genuine signal of auto-

correlation will likely require a more dense taxon

sampling than has been performed previously so

that time intervals between nodes can be

minimized.

Among these uncorrelated models, the uncor-

related lognormalmodel has enjoyed themost use

to date, and has been shown to be superior to an

uncorrelated exponential model of rate variation

for a number of data sets (Drummond et al., 2006),

including birds (Brown et al., 2008). Theflexibility

of the lognormal distribution means that it is able

to be fit to a broad range of rate distribution

shapes, and explains why it is implemented in

several Bayesian relaxed clock applications,

including BEAST (Drummond et al., 2006; Drum-

mond & Rambaut, 2007), MCMCtree (Rannala &

Yang, 2007; Yang, 2007), and PhyloBayes

(Lartillot & Philippe, 2004; Lepage et al., 2007).

Each of these packages has its own advantages.

MCMCtree, for example, explicitly allows for

potential error in fossil calibration ages (e.g.

from stratum misidentification) by adding non-

zero probability tails to otherwise “hard” fossil

constraints (Yang&Rannala, 2006). The benefit of

using PhyloBayes is that it implements seven

different clock models, enabling a researcher to

statistically compare alternativemodels using the

same statistical machinery rather than relying on

indirect comparisons across software packages/

implementations (Lepage et al., 2007). Finally,

in addition to flexible xml-coding support,

which allows for the construction of arbitrarily

complexmodels, BEAST isunique in that of all the

relaxed clockmethods available, it is the only one

that does not require a fixed tree topology. This

inclusion of topological uncertainty is especially

appealing for avian studies, where higher level

relationships are still unsettled.

In summary, there are currently a number

of approaches readily available to researchers

for phylochronological reconstruction using

nonclock-like molecular genetic sequences

(Table 12.1), although none of them can be con-

sidered a panacea (see below). These approaches

run the gamut from quick-and-dirty “corrections”

to an imperfect clock (e.g. PATHd8) to sophisti-

cated descriptions of either the process of rate

evolution itself (e.g. CIR model) or the product

of such evolution (e.g. uncorrelated lognormal

model). Given the breadth of choices available,

the ideal course of action would be to test

several distinct approaches to see if the phylochro-

nological signal is consistent across model/

method assumptions (Linder et al., 2005; Britton

et al., 2007;Hug&Roger, 2007; Lepage et al., 2007;

Brown et al., 2008; Hipsley et al., 2009): concor-

dant results acrossmethodswould lend additional

credence to resulting inferences, whereas disso-

nance could help identify potential model

assumption violations. For example, a recent com-

parison of five dating methods on the Neornithes

tree using mtDNA revealed broadly consistent

origin estimates for the major clades (Brown

et al., 2008), while also calling into question the

appropriateness of one method (PATHd8) for the

particular data set.

LIMITATIONS OF CURRENT MOLECULAR

PHYLOGENETIC DATING TECHNIQUES

A model represents a conceptual understanding

of how “nature” influences physical entities to

generate the distribution of empirical observa-

tions. Models can be constructed from empirical

(inductive) or theoretical (deductive) expectations,

with the ideal situation being a motivated itera-

tion between the two sources of understanding

(Box, 1976). However, a model should not

endeavor to “fit an elephant” (that is, try to

describe reality in its entirety; Steel, 2005), but

instead attempt to extract information from the

salient components of the underlying process,
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formalizedwith estimable parameters. The idea of

saliency should be recognized as a relative con-

cept; with greater thought, and a broader collec-

tion of empirical observations, our idea of what

constitutes a “salient” component of a process

continues to evolve, leading to a richer under-

standing of the sources of variation. Such is the

condition of our understanding of the processes of

molecular evolution. Larger molecular genetic

data matrices (in terms of both taxon and espe-

cially character sampling) have afforded an

increased power to identify more subtle (but

increasingly important) sources of variation.

Consequently, several simplifying assumptions

in our standard modeling of the molecular

genetic evolutionary process are currently being

challenged, and may eventually translate to

improvements in the extraction of phylochrono-

logical signal or potentially identify biases of past

methods.

Molecular substitution models

Molecular evolution is typically modeled as

a continuous-time Markovian substitution

process. This conceptual framework, originally

constrained for practical reasons (Felsen-

stein, 1981), carries with it several explicit and

implicit assumptions: (i) stationarity (the proba-

bilities of stochastic substitution do not change

through time, or are in equilibrium); (ii) homoge-

neity (the equilibrium character frequencies and

substitution-rate matrix are identical across

lineages); (iii) time-reversibility (the process of

substitution looks the same both forwards and

backwards in time); and (iv) independence (all

sites within an alignment are considered identical

and independently distributed (i.i.d.) realizations

of the same evolutionary process). Although held

by all of the relaxed clock methods above, none of

these assumptions is likely to strictly hold true

(and indeed empirical data exist to contest each of

them), however, since all models are wrong we

should concern ourselves with what is impor-

tantly wrong (Box, 1976).

Of these assumptions, independence is unique

in that it focuses along a genetic sequence (rather

than across a tree like the remaining assump-

tions). This assumption is actually a composite

assumption: (i) sites evolve independently from

one another, and (ii) all sites evolve according to

the same underlying process (in practice, the same

substitution model). Strict violation of the first

component is ensured through the physical lin-

kages between nucleotides, although inclusion of

molecular markers from disparate regions of the

genome (say, different chromosomes) can repre-

sent “more independent” information. Violation

of the second component is readily apparent

through inspection of the characteristics of

various character classes (e.g. genes, coding/

noncoding regions, codon positions, etc.), which

often differ considerably in terms of nucleotide

composition and levels of polymorphism. Failure

to accommodate for this will necessarily lead to

a compromised inference (where, for example,

relative rate parameters and equilibriumcharacter

state frequencies are averages over potentially

distinct genomic regions). Nevertheless, the inde-

pendence assumption is also unique in that its

violation is all but solved. For example, the intro-

duction of among-site gamma-distributed rate

heterogeneity enormously increases the fit of

models to empirical data (Yang, 1996). More gen-

erally, recently developed mixed (Lartillot &

Philippe, 2004; Pagel & Meade, 2004) and parti-

tioned (e.g. Nylander et al., 2004) models allow

heterogeneity in the substitutional process across

sites and loci. Partitioned models are available in

a number of relaxed clockmethods, although they

are most flexible in BEAST.

The remaining model assumptions above

reflect expectations of the uniformity of the

molecular substitution process(es) over both

time and lineages. The adoption of the time-

reversibility assumption is due almost entirely

to numerical convenience: it both reduces the

required number of substitution parameters to be

estimated (as compared to the more general

model; Rodr�ıguez et al., 1990), and allows for

efficient computation of the likelihood of an

unrooted tree via Felsenstein’s “pulley principle”

(Felsenstein, 1981). However, reasons to settle

for simpler reversible models are rapidly
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dematerializing: (i) Bayesian MCMC-sampling

methods, together with increasingly powerful

and available computational resources, can eas-

ily accommodate the relatively small increase

in the number of estimable parameters, and

(ii) signal from large present day empirical data

matrices are revealing support for irreversibility

(Squartini & Arndt, 2008), overturning earlier

conclusion from studies (Yang, 1994) that may

simply have suffered from a lack of power.

The final two assumptions, homogeneity and

stationarity, are tightly related in that violation of

one typically involves violation of the other. Of all

the assumptions, these two are most likely to

influence phylochronological inference through

biasing both topology and branch length estima-

tion.Moreover, the strict validity of these assump-

tions over evolutionary time spans, such as the

diversification history of Neornithes, is dubious.

Indeed, clear evidence for the violation of one or

both of these assumptions is the observed empir-

ical base compositional biases across lineages that

cannot be described by stochastic variation alone.

While such compositional biases can potentially

be masked through data filtering (e.g. translating

to amino acids for coding sequences, or employing

R–Y coding), a more satisfying approach that

makes use of more evolutionary information is

to model compositional changes themselves. For-

tunately, several nonhomogeneous/nonstation-

ary models exist which do just that (e.g. Galtier

& Gouy, 1998), for example by allowing base

composition to change across a tree according to

a compound piecewise-constant Poisson stochas-

tic process (Blanquart&Lartillot, 2006), similar to

the compound Poisson relaxed molecular clock

model (Huelsenbeck et al., 2000) above. A distinct

violation of the stationarity assumption involves

the concept of “heterotachy,” where site-specific

substitution rates change in different parts of the

tree (Lopez et al., 2002). Thankfully, substitution

models now exist that accommodate heterota-

chous evolution (Tuffley & Steel, 1998; Kolacz-

kowski & Thornton, 2008; Pagel & Meade, 2008;

Wu et al., 2008). In summary, it is not yet known

whether biologically realistic violations of these

substitution model assumptions will surface as

significant biases to phylochronological signal.

However, we have at our disposal solutions to

each of these problems, all that remains is to

graft constituent models together (e.g. Blanquart

&Lartillot, 2008), identify the salient features, and

apply the resulting models to the problem of phy-

lochronological inference.

Modeling of rate evolution

Besides concerns regarding the suitability of the

level of sophistication of existing molecular sub-

stitution models, we must also consider whether

the correct components of evolutionary rate het-

erogeneity are indeed beingmodeled. It is unclear,

for example, if substitution rate evolution is

best considered autocorrelated in time (such

that “rate” is a heritable character), or if an

“episodic” clock (Gillespie, 1984) is a better

description of empirical data.Correlated ratemod-

els, if valid, enable greater inferential precision

because rate/date estimation at a given node can

make use of not only local but also distant evolu-

tionary information (Lepage et al., 2007). The

uncorrelated models above are episodic clocks

that offer no explanation of why rates vary. A

distinct type of episodic clock involves punctu-

ated (or speciational) molecular evolution, where

substitution rates are elevated during speciation,

with the result that the lengths of the branches

(in terms of the expected number of substitutions

per site) in a clade of a tree are positively correlated

to the number of speciation events (Pagel

et al., 2006). Such a scenario could explain

stark branch length differences between the

speciose Passeriformes and depauperate Pelecani-

formes in reconstructed phylograms (Hackett

et al., 2008). Indeed, punctuated morphological

evolution has been inferred in birds (Paleognaths;

Cubo, 2003). However, a signal of punctuated

molecular substitution rates (which could poten-

tially mislead phylogenetic dating) was not

found in a recent study of Neornithes (Brown

et al., 2008), although identification of this kind

of signal would surely benefit greatly by increased

taxon sampling. Another potential explanatory

variable to consider is effective population size,
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whichhasbeen showntobecorrelated (negatively)

with substitution rate in a range of eukaryotic taxa

(Bedford et al., 2008). Additionally, effective pop-

ulation size strongly determines the rate of lineage

sorting, and since lineage sorting post-dates spe-

ciation it makes sense to estimate divergence

times and effective population sizes simulta-

neously (Liu & Pearl, 2007; Rannala & Yang,

2003).Given thatmany avian species differ greatly

in effective population size (think of rails versus

gulls), this may be a worthwhile avenue of

research to pursue. A final consideration involves

the perceived time-dependency of molecular sub-

stitution rates (Ho&Larson, 2006;Ho et al., 2005);

here, extant population-level polymorphisms that

would not persist over evolutionary timescales (i.

e. mutations that do not become substitutions)

bias reconstruction methods into inferring that

substitution rates are higher in the present than

they were in the past. The influence of this per-

vasive phenomenon on divergence time estima-

tion has not yet been fully investigated, and not at

all in birds.

Age constraints

One of the most compelling developments in

recent relaxed clock model implementations is

the ability to construct age probability distribu-

tions for fossil-calibrated nodes. Previous molec-

ular dating techniques (e.g. r8s,Multidivtime, and

PATHd8) allowed only the enforcement of “hard”

age constraints: (i) absoluteminimum (i.e. that the

speciation event represented by the calibrated

nodemust pre-date the fossil; the fossil, of course,

being a product of the speciation event), (ii) abso-

lute maximum (information which, strictly

speaking, cannot come from the fossil record), or

(iii) fixed ages (i.e. the fossil perfectly represents

the age of the node without error). The new

probability distributions available in BEAST

(Drummond & Rambaut, 2007) and MCMCtree

(Yang&Rannala, 2006) offer twomain advantages

over these simple constraints: (i) additional infor-

mation (e.g. from models of fossil preservation)

can be incorporated into the calibration, effec-

tively lending more credence to the fossil record,

and (ii) uncertainty in the age of the fossil itself can

be accommodated. However, the same flexibility

thatmakes these distributions so attractive unfor-

tunately also makes them inherently subjective.

Although rightly considered with enthusiasm

(Ho, 2007; Ho & Phillips, 2009), there is presently

no rigorous protocol for determining the optimal

shape (e.g. Gaussian, lognormal, uniform, expo-

nential, etc.; Figure 12.2) and breadth of these

distributions, which makes direct comparisons

across studies difficult. A joint collaboration of

paleontologists and molecular phylogeneticists

working on this problem would allow greater

extraction of phylochronological signal from the

fossil record, and subsequently generate better

divergence time estimates.

Study design

Finally, improvements in divergence time esti-

mation will require systematic attention to sam-

pling with respect to which loci, taxa, and fossil

calibrations should be included in a given study.

For example, over long evolutionary timescales

mtDNA can be expected to exhibit substitutional

saturation, which may bias relaxed clock studies

through an underestimation of branch lengths

deep in the tree (consequently underestimating

the ages of deeper nodes). Under this scenario, it

may be desirable to utilize slower evolving

nuclear introns, or to mask saturation through

translating nucleotide sequences to amino acids

(if coding) or otherwise through R–Y recoding

(Woese et al., 1991). The extent of taxon sampling

has been found to be influential in molecular

dating (e.g. Linder et al., 2005), presumably due

to node-density effects (Venditti et al., 2006),

where more substitutions are discovered (making

branch lengths longer) in regions of the tree with

higher taxon sampling. Lastly, while it is gener-

ally a good strategy to incorporate calibration

information from as many fossils as possible

(Bremer et al., 2004; Hug & Roger, 2007), it is

imperative that these fossils are scrutinized

closely, as one incorrectly dated or taxonomically

misdiagnosed fossil can potentially invalidate an

entire analysis. It thus seems prudent to test
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Fig. 12.2 Alternative temporal calibration constraints for use in molecular divergence time estimation. (a) At the

extreme, the age of a fossil may be used as a point estimate for the divergence of two taxa. Here, the age of the node is

treated as knownwithout error; hence, potential divergence times above or below the point estimate receive zero prior

probability, and so are not considered in the estimation process. This is generally poor practice, as (i) potential errors in

phylogenetic placement and geological dating of the fossil are ignored, and (ii) diagnosable fossils are unlikely to

temporally correspond precisely to cladogenesis. Alternatively, fossils can be considered as (b) maximum or (c)

minimumages. (Strictly speaking, fossil evidence can only provideminimumages, notmaximumages, as the absence

of (earlier) evidence cannot necessarily be interpreted as evidence of (earlier) absence.) Typically, such calibrations are

implemented as “hard” constraints (bold lines), where prior divergence times on one side of the constraint are

equiprobable (arrows) while all values on the other side of the constraint receive zero prior probability. However, such

calibrations can also be implemented as “soft” constraints (Yang & Rannala, 2006), where exponential distributions

constituting some proportion of the overall prior density (say, 2.5%) extend beyond the “hard” bounds (dashed curves).

A soft prior gives small but nonzero probability to ages beyond that of the fossil and hence accommodate potential

errors in geologic dating or phylogenetic placement, potentially leading to the identification of inappropriate/invalid

constraints. Minimum and maximum constraints can be combined into a single calibration. (d) When considerable

uncertainty is present this is typicallymodeledwith auniform (equiprobable) distribution (with either “hard”or “soft”

bounds). (e) In situations where existing evidence suggests some time periods are more probable a priori than others

(say, biogeographic events), amore appropriatemodelingmay take the formof aGaussian (normal) distribution. (f) The

formof the exponential distribution is such that themode (highest probability) of the distribution is the age of the fossil

itself; ages younger than the fossil receive zero prior probability (i.e. a “hard” bound). Application of an exponential

constraint isusefulwhen (i) a fossil is thought to temporally correspondclosely to the relevantcladogenetic event, or (ii)

where additional information (say, fossil preservation curves) can be used to inform prior construction. (g) Perhaps the

most appropriate distribution to model uncertainty regarding a cladogenetic event is the lognormal distribution. This

distribution has a “hard” minimum at the age of the fossil, a lag until the mode of the distribution (i.e. sampled

diagnosable fossils are expected to post-date the cladogenetic event), and has a long (“soft”) tail that allows for the

(small but nonzero) possibility that the divergence event occurredmuch earlier thanwhat the fossil would suggest. As

with theGaussian (standarddeviation) andexponential (wheremean¼ standarddeviation)distributions, thebreadthof

the lognormal distribution is considerably malleable to the information at hand. Nevertheless, at the moment

construction of lognormal (and other) constraints is more of an art than a science; scientists would do best to

investigate the sensitivity of divergence time inferences to changes in temporal prior constraints.
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suites of calibrations for dating consistency (Near

& Sanderson, 2004; Near et al., 2005), although it

should be kept in mind that exceptionally “good”

fossils (i.e. those that are especially old, or more

closely approximate the age of the node they are

meant to date) are likely to appear “inconsistent.”

In conclusion, we are at a very exciting stage in

molecular phylogenetic systematics; not only

are we well aware of the potential unsuitability

of assumptions made by early relaxed clock

approaches, but (more importantly) we have

a firm grasp on what further tribulations may

be lurking in the future. Thewidespread adoption

of Bayesian philosophies over the past decade

in particular has ushered in a new paradigm

for methodological implementation, complecto

errorem (embrace uncertainty), where uncer-

tainty in “nuisance” parameters (model compo-

nents that are essential for a salient description of

the evolutionary process, but are otherwise not of

direct interest) can be integrated out, rendering

conclusions that are compelling to a degree that

have not been heretofore possible. Moreover,

the rapidly decreasing costs associated with

molecular genetic sequencing means that it

will soon be possible to interrogate enormous

amounts of data for subtle signals of past molec-

ular substitution rate evolution.With such infor-

mation in hand we can expect more accurate,

precise, and consistent phylochronological infer-

ences, which in turn will better enable us to

understand and appreciate the dynamics of neor-

nithine diversification.
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Birds have long captured the attention of natural-

ists for their beauty, the range of their behaviors,

and of course, their mastery of the air. With the

growth of experimental science and modern biol-

ogy, birds remained the focus of important biolog-

ical research includingworkonhowthevertebrate

brain evolved (Jarvis et al., 2005) and the effect of

environmental fluctuations on speciation (Grant

&Grant, 2002). The steep rise in genetics research

made possible by the polymerase chain reaction

(PCR), capillary sequencing, and bioinformatics in

the 1980s and 1990s made the comparative study

of birds evenmore tractable (Edwards et al., 2005).

Within three years of the first draft publication

of the human genome (IHGSC, 2001), the first

draft of the chicken (Gallus gallus) genome was

published (Hillier et al., 2004). Since then, over

20 mammal genomes have been sequenced

(though many at low 2� coverage), resulting in

a robust comparative framework for studying

the genomics of mammals (O’Brien et al., 1999;

Green, 2007). By contrast, thediapsid (bird–reptile)

side of the amniote tree remains undersampled.

Despite the greater diversity of Reptilia compared

toMammalia (ca. 17,000 reptile species: ca. 10,000

in birds and ca. 7000 nonavian reptiles; compared

with ca. 5000 species of mammals), as of this

writing only three species – Gallus (Hillier

et al., 2004), Taeniopygia (Warren et al., 2010),

and Meleagris (Dalloul et al., 2010) have been

sampled from which to understand the genome

structure and biology of the avian, let alone the

more basal reptilian, genome. But the genome of

the green anole (Anolis carolinensis) is currently

being sequenced and the available avian genomes

have already provided numerous insights into the

structure and evolution of the diapsid genome in

general and the bird genome in particular (Elleg-

ren, 2005, 2007, 2008).

Thevariationof genomic traits amongnonavian

reptiles is still largely unstudied (but see Shedlock

et al., 2007). However, there are many reasons to

predict that, despite the morphological and behav-

ioral diversity of birds, genomic characters will

show less variability than those seen inmammals.

In fact, the uniformity of several aspects of the

avian genome is already well documented, such

as genome size and karyotype (Burt et al., 1999;

Burt, 2002; Gregory, 2002; Organ et al., 2008). The

variation in traits such as total genome size and

intron size have been examined across birds with

varying degrees of taxon sampling and phyloge-

netic rigor, and some quantitative studies have

shown that genome size ismore constrained across

birds than are other traits, such as basal metabolic

rate, and shows signatures of stabilizing selection

(Waltari & Edwards, 2002). Alternatively, work by

Oliver et al. (2007), explains broad patterns of

genome size variation across taxa by invoking a

proportional model of genome evolution in which

small genomes undergo the least amount of

evolutionary change (a pattern consistent across
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eukaryotes). The proportionalmodel is essentially a

neutral model of genome evolution (Lynch & Con-

ery, 2003; Lynch, 2007a) and suggests that simple

explanations for genome size variation cannot be

regarded as either neutral or selective a priori.

Genomics will increasingly play a larger role in

population, organismal, ecological, and evolution-

ary biology in birds and other animals. Headway

has already been made in this direction with the

development of genome-wide reference markers

for phylogeographic analysis (Backstr€om

et al., 2008). And aside from the ability of geno-

mics to inform other disciplines, research along

the continuum between genetics and genomics is

of inherent interest for understanding avian biol-

ogy. For example, natural selection produces adap-

tive phenotypes which are based upon genetic

variants and developmental networks, and the

record of these adaptations can sometimes be

recovered in genome sequences. Thismakes geno-

mics an unprecedented goldmine for evolutionary

biologists to discover broad and universal patterns

of evolution – no small feat in the messy world of

biology. Phylogenetic inference has been, andwill

continue to be advanced by genomics, but

genomicists are not just limited to questions of

relatedness: they also probe other evolutionary

questions. For example, the relationship between

gene duplication and the immergence of novel

protein function remains of paramount interest.

Even now comparative genomicists can piece

together the major events that have shaped the

avian genome, though we run the risk of over-

simplifying our inferences due to undersampling

of taxa. The following characteristics of the avian

genome represent major evolutionary shifts from

the ancestral amniote condition: small and rela-

tively invariant genome size, a paucity of repeti-

tive elements, a dispersion of the karyotype

through an increase in microchromosomes, the

stabilization of a Z–W sex chromosome system,

high isochore structure, and fewer and shorter

genes (Figure 13.1). We present some of these

features mapped onto themost current phylogeny

of extant birds (Hackett et al., 2008) using parsi-

mony (Maddison & Maddison, 2008). Many of

these characters are interrelated, sometimes

causally so, as in the relationship between low

repetitive element density and small genome

size.Althoughmanyquestions remain, the emerg-

ing view suggests that the avian genome is stream-

lined with minimal amounts of noncoding

sequence and a high concentration of genes. Of

several trends in the transition from the ancestral

amniote to the avian genome, the extinction of

repetitive element lineages within the avian

genome and its effects on genome size are

among the most prominent.

DEMISE OF REPETITIVE ELEMENTS

AND SHRINKING GENOME SIZE

Compared with other animal groups, genome

size is less variable within amniotes, whereas

the genomes of amphibians and lungfish can

vary by an order of magnitude (Gregory, 2007).

The largest amniote genome described so far

belongs to the red viscacha rat (Tympanoctomys

barrerae; 8.4 pg). The smallest amniote genome

belongs to the pheasant (Phasianus colchicus;

0.97 pg). Indeed, no other group of amniotes has

smaller or less variable genome size than birds

(Tiersch & Wachtel, 1991; Gregory, 2002). When

mapped onto the avian tree using a simplemethod

like parsimony there is a strong signal of genome

size homogeneity (Figure 13.2), as suggested ear-

lier by Waltari & Edwards (2002). Paleognaths

possess the largest genomes among birds (e.g.

Ostrich, Struthio camelus, has a genome size of

2.16 pg). Some have suggested that the large gen-

omes of basal birds are less the result of their

phylogenetic position and more a consequence

of their flightlessness (Hughes, 2000), a hypothesis

based on pairwise rather than phylogenetic com-

parisons. Indeed, the fact that the Galliformes,

a clade within the secondmost basal group of

birds, the neognaths, contains the bird with the

smallest genome on record (the common pheasant

noted above) could suggest adaptive evolution in

genome size along the line to paleognaths,

althoughmost Galliformes species are poor flyers.

A recent comparative analysis, although limited

in its taxon sampling within birds, found no
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evidence for differences in genome size evolving

between paleognaths and neognaths (Organ &

Shedlock, 2009).

The primary mechanism accounting for

the streamlined genomes of birds is the lower

density of active and recently extinct repetitive

elements (Shedlock, 2006). Repetitive elements

are stretches ofDNAthat repeat in their sequence,

either tandemly or dispersed in the genome, and

include both transposable elements and simple

repeats, such as microsatellites. Transposable

elements (transposons) are stretches ofDNAcapa-

ble of moving to different locations within

the genome of a single cell by an RNA interme-

diate using reverse transcriptase (endogenous

retroviruses; retroelements) or by a cut-and-

paste DNA mechanism using transposase (Kid-

well, 2005). Repetitive elements play important

roles within genomes aside from selfishly

making copies of themselves, and indeed appear

to have been critical for genome evolution

(Shedlock & Okada, 2000; Kazazian, 2004;

Shedlock et al., 2004). One important function

recently discovered is the co-option of transpos-

able elements into regulatory elements (Fableta

et al., 2007). The diversity of transposable

elements apparently also determines, in part,

the expansion in gene families because gene dupli-

cation by retroposition appears rare in the chicken

genome (Hillier et al., 2004). Long interspersed

nuclear elements (LINEs) found abundantly in

mammal genomes are thought to be responsible

for the reverse transcription of retrotransposed

genes, whereas the prevailing active element in

Fig. 13.1 Diagramofvariousevents in theevolutionof theaviangenome.The tree isbasedonaphylogeneticanalysisof

19 nuclear genes (Hackett et al., 2008). Branch shading simply highlights areas of genomic change.
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birds (chicken repeat 1;CR1) lacks amechanismto

copy polyadenylated mRNA (Haasa et al., 2001;

Hillier et al., 2004).Most of the repetitive element

signal within the Gallus genome, including CR1,

comes fromextinct anddecaying elements (Hillier

et al., 2004), although differences in repetitive

content between Gallus and Taeniopygia, such

as the presence of short interspersed elements in

the later but not the former (Warren et al., 2010),

suggests active repetitive element evolution in

crown-clade Aves.

There are multiple explanations for the

observed diversity of genome size within animals,

ranging from emergent proportional models in

which larger genomes evolve at faster rates

(Oliver et al., 2007), to nearly neutral models in

which population-level dynamics determine

whether drift or selectionpredominates in shaping

genome size (Lynch, 2007). Purifying (stabilizing)

selection has also been proposed, in which selec-

tion acts against too much “junk DNA” (Waltari

& Edwards, 2002; Knight et al., 2005). Stabilizing

selection is usually invoked to explain the varia-

tion in genome size among avian clades. A differ-

ent type of mechanism, one more in line with

adaptationist scenarios, is suggested to be respon-

sible for the reduction of avian genome size from a

larger ancestral amniote genome. This scenario

invokes positive selection acting on genome and

nucleus or cell size to maximize efficiency of

cellular and organism-level traits, such asmetabolic

rate (Cavalier-Smith, 1978, 1985; Kozlowski et al.,

2003; Vinogradov & Anatskaya, 2006). But adapta-

tionist explanations remain a common problem in

evolutionarybiology (Gould&Lewontin,1979).The

small genomes of birds are perhaps too easy to

interpret in adaptive terms – in this case, that

small genome/cell size is an adaptation associated

with elevated metabolism required for flight

(Hughes & Hughes, 1995; Gregory, 2002; Andrews

et al., 2008). The essential idea is that genome size

affects the size of the nucleus and cell, and therefore

the capacity (due to surface area to volume ratios) to

diffuse everything from nutrients to dissolved gases

across cell membranes.

Recent work on genome size evolution in dino-

saurs showed that the typical “avian” streamlined

genome likely arose within saurischian dinosaurs

long before birds and volant flight evolved (Organ

et al., 2007). Nevertheless, Organ et al. (2007)

hypothesize that there may be an adaptive expla-

nation for genomesize reduction insaurischianand

theropoddinosaurs. Indeed,accumulatingevidence

suggests that an adaptive explanation might have

traction. Inference and analysis of genome size in

pterosaurs – which together with bats and birds

represent all vertebrate lineages to evolve powered

flight – suggests that these flying reptiles evolved

small genomes (Organ & Shedlock, 2009). More

comparative support for this trend comes from

bats, which have smaller genomes than related

mammals and from the correlation of wing mor-

phology (a biomechanical proxy for flying ability)

with genome size in birds (Andrews et al., 2008).

The hypothesis that genome size is modulated, at

least in part, by physiological factors associated

with cell size is not without its critics (Lynch,

2007), and rightly so given the heavy reliance on

correlations to support it. Experimental researchon

the connection between physiology and genome

size is needed. It is likely given our current under-

standing of biology in general, thatmultiple factors

(proportional rates, drift, and selection) have been

important in shaping genome size in birds. But size

is only one aspect of genome architecture. How a

genome is packaged into chromosomes, its karyo-

type, is another important aspect of genome archi-

tecture and the subject of the next section.

EXPANDING KARYOTYPE AND

SEX CHROMOSOMES

The structure and organization of an organism’s

chromosomes (its karyotype) is important because

it provides not only the physical location of genes,

but their spatial relationships as well. A striking

feature of the avian genome is the large number of

microchromosomes (Figures 13.3–13.4).While the

large number of microchromosomes in birds is

striking compared with mammals, most reptile

genomes are composed of numerous microchro-

mosomes, which, like those found in birds, are

structured differently than macrochromosomes
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(Burt, 2002). For example, despite similar gross

features, such as centromeres and telomeres,

avian microchromosomes undergo higher rates

of point substitutions (Axelsson et al., 2005) and

more readily blend parental genetic information

through higher recombination rates, nearly five

times the rate of recombination of mammalian

chromosomes (Rodionov et al., 1992a,b; Back-

str€om et al., 2006). Microchromosomes are

also GC-rich, suggesting they contain a higher

density of genes than do macrochromosomes

(Hillier et al., 2004). Associatedwith the increased

density of genes is the reduction of intergenic

DNA and repetitive elements.

Although the compliment of chromosomes in

birds is less variable than in other amniote

groups, chromosomal rearrangements are com-

mon (Christidis, 1990). For example, bird species

with the same ploidy, say 2n¼ 80, display abun-

dant chromosomal inversions and translocations

as well as shifting locations of the centromere

from the middle (metacentric) to the ends of

the chromosomal arms (teleocentric). Hexamer

repeats in the form (TTAGGG)n are common in

the telomeres of vertebrate chromosomes, but

occur at interstitial and centromeric regions on

avian macrochromosomes, suggesting that

ancestral chromosomes fused together. Avian

microchromosomes are especially enriched with

(TTAGGG)n repeats,whichmay contribute to the

higher rates of recombination observed in micro-

chromosomes (Nanda et al., 2002). Some species,

Fig. 13.2 Diagram of genome size variation within modern birds (Neornithes). Data were obtained from the animal

genome size database (Gregory, 2007) andmapped onto a pruned version of themost recent phylogenetic framework for

Neornithes (Hackett et al., 2008) used squared-change parsimony (Maddision &Maddison, 2008). [This figure appears

in color as plate 13.2]
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such as barred antshrike (Thamnophilus doliatus)

and yellow-legged buttonquail (Turnix tanki)

show highly derived karyotpic organization in

that all of their chromosomes are telocentric

(Christidis, 1990). The stone curlew (Burhinus

oedicnemus) has the smallest number of chromo-

somes in any bird known, while accipiters (bird-

eating hawks in the order Falconiformes) have

between 66 and 68 chromosomes and only six

to12microchromosomes (Christidis, 1990;Rodio-

nov, 1997). The accipitrid condition is in stark

contrast with other bird groups. Although striking

differences between micro- and macrochromo-

somes exist in species like the estrildid finch

(Pytilia phoenicoptera) and the Crimson Rosella

parrot (Platycercus elegans), there is often a gra-

dation between the two categories, as is seen in

species like the House Sparrow (Passer domesti-

cus) (Christidis, 1990).

The ancestral karyotype of birds, inferred by

comparative mapping studies, contained around

20 microchromosomes (Burt, 2002), while a sub-

sequent analysis using Bayesian phylogenetic

comparative methods reconstructed 26 micro-

chromosomes with a 95% credibility interval

between 13 and 39 (Organ et al., 2008). This

Fig. 13.3 Diagramof karyotype variationwithinmodern birds (Neornithes). Conspecific karyotype data used forAsian

barbets (Megalaima) (Kaul&Ansari, 1981), owls (Strix) (Takagi&Sasaki, 1974), and cormorants (Phalacrocorax) (Ebied

et al., 2005). Other karyotype data were obtained from the literature (Benirschke, 1977; Waldrigues & Ferrari, 1982;

Christidis, 1990; Qingsong et al., 1995; Nishida et al., 2008). Karyotype wasmapped onto a pruned version of themost

recent phylogenetic framework for Neornithes (Hackett et al., 2008) used squared-change parsimony (Maddision &

Maddison, 2008). [This figure appears in color as plate 13.3]
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agreement suggests that the ancestral bird karyo-

type was not much different from those of other

reptiles and somewhere after the bird–crocodilian

split, the accumulation of microchromosomes

resulted in an expanded karyotype. Fission of

macrochromosomes and microchromosomes

best explain the mechanistic origin of the avian

karyotype (Burt, 2002).However, fusion appears to

have played a role in chromosomal evolution as

well (Shibusawa et al., 2004), and some groups

such asAsian barbets (Megalaima) andkingfishers

(Alcedo) show high rates of chromosomal evolu-

tion. Long stretches of conserved synteny occur

between chickens and humans, suggesting a low

rate of chromosomal translocations compared

with higher rates of intrachromosomal rearrange-

ments, such as inversions (Hillier et al., 2004).

In addition to the reorganization of the

genome through microchromosomes, the avian

karyotype evolved to play an important role in

the life history of birds with the rise of sex chro-

mosomes (Ellegren&Parsch, 2007).While reptiles

display an array of sex determining mechanisms,

all birds possess the Z–W system of genotypic sex

determination (Organ& Janes, 2008). It is thought

that sex chromosomes evolve from pairs of ances-

tral autosomes that gained one or more sex-

specific genes (Charlesworth et al., 2005). Once

established, a lack of recombination results in the

accumulation of deleterious mutations and degra-

dation of the heterogametic sex chromosome (W

in female birds or Y in male mammals, for

example).

Sex chromosomes in derived birds (Neoaves)

have regions specific to the Z or W chromosome

(Lawson-Handley et al., 2004), but ratites possess

only partially diverged sex chromosomes that con-

tain pseudoautosomal regions, in which recombi-

nation occurs between the Z andW chromosomes

(Janes et al., 2009). However, the diverged sex

chromosomes found in most birds may have

evolved by widespread convergence rather than

being representative of the ancestral state in

Neoaves, which has been dated to 102–170Ma,

long after the avian divergence from crocodilians

(225–245Ma) (Lawson-Handley et al., 2004). This

evidence suggests that the temperature-dependent

system seen in crocodilians, which lack sex chro-

mosomes, may be representative of the condition

in the common ancestor of crocodilians and birds.

Sex chromosomes and genotypic sex determina-

tion allow random allocation of 50:50 sex deter-

mination to offspring, regardless of environmental

fluctuations and may therefore have played an

Fig. 13.4 Karyotype of female emu (Dromaius novaehollandiae; 2n¼ 80; 20 macrochromosomes and 60 microchro-

mosomes) showing a gradation among chromosome sizes.Note themanymicrochromosomes characteristic of diapsid

genomes.
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important role in the rapid radiation of birds into

numerous and varied niches by the Late Creta-

ceous/early Paleocene. Specific genes governing

sex determination in birds, such as the mamma-

lian SRY gene, are unknown.

SHORT GENES, MULTIGENE FAMILIES,

AND ISOCHORES

The average avian gene appears to be smaller than

the average mammalian gene (Hughes &

Hughes, 1995). Although the size of exons are

similar between birds and mammals, the average

intron (blocks of DNA cleaved out during proces-

sing intomessengerRNA) is smaller,which results

in smaller genes (Figure 13.5). Smaller introns

likely arose in nonavian dinosaurian ancestors

(Waltari & Edwards, 2002). Although the total

gene count in Gallus is estimated at roughly

20,000 (assembly v2.1), the gene count of

Taeniopygia is estimated at 17,500 (Warren et al.,

2010) andMeleagris at 16,000 (Dalloul et al., 2010).

These studies have also shown that gene families

have differentially expanded/contracted along the

different lineages leading to these three species.

Thenucleotides that formthebase composition

of the genome are not evenly distributed

within chromosomes, but occur in blocks of

GC-rich regions (Bernardi, 2000). GC-rich regions

are also unevenly spread across chromosomes,

with microchromosomes more GC-rich than

macrochromosomes, at least based on the

genome of Gallus (Figure 13.5; Hillier

et al., 2004). With only three bird genomes

fully sequenced it is perhaps too early to draw

Fig. 13.5 Distribution of genome features across chromosome size classes (macro-, intermediate, and mirco-chromo-

somes) redrawn from Hillier et al. (2004). Small dark circles represent microchromosomes, medium gray circles are

intermediately sized chromosomes, and large light gray circles are macrochromosomes. (A) Recombination rate is

higher in microchromosomes; (B) GþC content is also higher on microchromosomes; (C) genes and CpG islands are

more abundant on microchromosomes; and (D) genes on microchromosomes are shorter than those on larger

chromosomes owing to shorter intron sizes. In (C) and (D) the black outlines denote genes and exons respectively.
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conclusions about how the average gene has

evolved in birds compared with the average

gene in mammals. The chicken genome project

found that, compared with humans, the average

gene in Gallus (homologous genes among

lineages, or orthologous) is under strong purifying

selection (dN/dS ¼ 0.06). Similar findings have

been reported for Meleagris and Taeniopygia

(Dalloul et al., 2010) – presumably because

there is a relationship between gene concentra-

tion on microchromosomes and the intensity of

purifying selection. As in mammals (Clark

et al., 2003) genes involved with reproduction

and the immune system appear to evolve partic-

ularly quickly, and likely for adaptive reasons

(Heger & Ponting, 2007). Immune genes are

rapidly evolving likely because of an arms race

among organisms and pathogens, while genes

associated with reproduction may be under the

influence of sexual selection.

Most genes belong to gene families, and the

size of the average gene family in the chicken is

smaller than in mammals (Hillier et al., 2004;

Organ et al., 2010). In addition, the vast majority

of gene duplicates inGallus appear to have arisen

recently, producing an exponentially distributed

pattern of gene family ages (Organ et al., 2010),

a pattern consistent within other Eukaryotes

(Lynch & Conery, 2000). This pattern implies

that most genes are pseudogenized through the

accumulation of deleterious mutations soon

after duplicating (assuming a relatively constant

rate of gene duplication) and are ultimately elim-

inated from the genome. Moreover, nonprotein

coding RNA paralogs are dispersed throughout

the chicken genome and are associatedwith a low

density (compared withmammals) of nonprotein

coding RNA pseudogenes (Hillier et al., 2004).

Taken together, these findings suggest that cod-

ing and noncoding genes do not duplicate by

Fig. 13.6 Anexample of a chickengene (Rhodopsin) comparedwith the orthologous (homologous across species) genes

obtainedwith theUCSCGenomeBrowser (Karolchik et al., 2003). RefSeq genes are displayed. Boxes denote exons. For

repetitive elements, light gray rectangles are from human and black (CR-1) are from the chicken sequence data as

reported on the genome browser by RepeatMasker (Smit et al., 1996–2004). Note the paucity of repetitive elements in

the chicken comparedwith the human.GCcontent is determined in afive base pairwindowand conservation plots are

drawn from the chicken sequence.
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similar mechanisms in birds and mammals. For

example, duplications in birds and mammals

may differ in the prevalence of mechanisms

such as unequal crossover and retrotransposition.

Genome-wide, the expansion and contraction

of gene families and the degree to which they are

subject to selection provides important insights

into mechanisms other than nucleotide substitu-

tion contributing to genomic and phenotypic

evolution. In addition, there is an ongoing

debate about whether sequence variation in cod-

ing regions or changes in the expression and reg-

ulation of genes contributes more to phenotypic

evolution and adaptation (Hoekstra &

Coyne, 2007). Recent research suggests that the

gain and loss of large stretches of DNA and chro-

mosomal segments (Biémont, 2008), including the

gain and loss of whole genes (Hahn et al., 2007)

may also contribute substantially to phenotypic

variation. Animal genomes appear to be much

more fluid than previously thought and in the

near future comparative genomics at the popula-

tion level will likely both complicate and clarify

our picture of how genomes contribute to pheno-

typic adaptation in birds.

PHYLOGENOMICS

The rapid accumulation of sequence data is

already illuminating hitherto obscured regions

of avian genomic biology. These new data will

also facilitate the phylogenomics of birds, which

has already revealed insights into the pattern of

avian evolution, including surprising relation-

ships such as the sisterhood of passerines and

parrots (Hackett et al., 2008). The phylogenomic

analysis of Hackett et al. (2008) also suggests that

patterns of character evolution were more com-

plex than previously thought, such as diurnal

behavior independently evolving several times

within birds. Although such studies do not chal-

lenge deep splits within the avian tree, such as

the Paleognathae–Neognathae split or the split

between Galloanserae and Neoaves higher in the

tree, other well-established groups such as the

Falconiformes (Falconidae and Accipitridae) are

not supported by multigene phylogenetic infer-

ence. These insights have been hard won because

convergence at the morphological level obfus-

cates phylogenetic relationships. Moreover, the

rapid divergence of birds in the Cretaceous cre-

ated patterns of genetic coalescence from which

species-level phylogeny is difficult to discern,

though conceptual and algorithmic advances

are making headway (Edwards, 2009).

CONCLUSIONS

Although we have outlined some major events

during the evolution of the avian genome, at the

time of this writing it is far too early to develop

a comprehensive theory on the natural history of

genome evolution in birds. Such a synthesis must

at minimum wait for the publication of the first

non-avian reptile genome from Anolis carolinen-

sis. The rewriting of the avian phylogenetic tree is

just one way in which the comparative genomics

of birds is advancing ornithology and systematics.

In addition, insights into the structure, function,

and diversity of avian genomes will be essential

to advance our understanding of avian biology in

general.
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14 Bird Evolution Across the K–Pg
Boundary and the Basal Neornithine

Diversification

BENT E. K. LINDOW

Natural History Museum of Denmark, Copenhagen, Denmark

As discussed in earlier chapters, the clade of

“modern birds” (Neornithes) encompasses the

approximately 9600 species of birds currently

alive and their immediate fossil ancestors. Mono-

phyly of the group with regards to earlier, archaic

clades of Mesozoic birds appears well-established

by phylogenetic analyses (Cracraft, 1986; Cracraft

et al., 2004).

Several recent studies indicate that the many

events concerning the origin, early evolution

and radiation of the modern birds (Neornithes)

took place around the time of the mass extinction

at the Cretaceous–Paleogene boundary (Dyke &

van Tuinen, 2004; Ericson et al., 2006; Slack

et al., 2006; van Tuinen et al., 2006). Despite an

extremely poor fossil record with hardly any

phylogenetically informative material for the

latest Cretaceous and Paleocene (Hope, 2002;

Mayr, 2005a; but see Stidham, 2002, 2008), a num-

ber of hypotheses on the impact of the K–Pg-

boundary events on neornithine evolution

have been proposed (Feduccia, 1995, 2003; Retal-

lack, 2004; Robertson et al., 2004).

This chapter provides a brief review of the Late

Cretaceous and early Paleogene (Paleocene and

early Eocene Epochs) fossil record of modern

birds, then proceeds to a discussion of our current

knowledge about the shape of the basal radiations

within the neornithine tree based on both molec-

ular and morphological phylogenetic analyses.

Subsequently, the proposed hypotheses of the

clade’s survival across the K–Pg boundary of the

grouparediscussed separately, as the current fossil

record of neornithine birds is too inadequate for

linking the mass extinction to patterns of origin

and diversification. Finally, the current knowl-

edge of the approximate temporal pattern of

major radiation events within Neornithes is

synthesized in the light of combined evidence

from phylogenetic analyses and the fossil record.

THE CRETACEOUS AND EARLY PALEOGENE

FOSSIL RECORD OF MODERN BIRDS

Although a number of fragmentary and isolated

avian fossils from the Cretaceous have previously

been assigned toNeornithes, the taxonomic status

of most of this material is very equivocal at best

(Hope, 2002). Database analysis of Cretaceous

neornithine bird-fossil material, combined with

studies of its preservation and its patchy distribu-

tion, implies that neornithines were relatively

uncommon in the Late Cretaceous world (Foun-

taine et al., 2005). This argument contrasts

with preliminary reports by Stidham [2002,

2008], which indicate that neornithine birds

from the latest Cretaceous of theWestern Interior
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Seaway of North America were very diverse, both

taxonomically and ecologically. Nonetheless, the

discoveries of the fossil anseriforms (waterfowl)

Teviornis gobiensis and Vegavis iaai from the

latest Cretaceous of the Mongolia and Antarctica,

respectively, have provided definite and properly

phylogenetically constrained evidence of the pres-

ence of neornithine birds prior to the K–Pg bound-

ary (Kurochkin et al., 2002; Clarke et al., 2005). In

addition, a number of reasonably complete,

putative fossil modern birds have been reported,

deriving from the latest Cretaceous of Antarctica.

These include a charadriiform (shorebird)

referred to the family Burhinidae and the alleged

gaviid (loon) Polarornis gregorii (Case, 2001; Chat-

terjee, 2002; Cordes, 2002). However, the former

specimen still awaits formal, proper publication

and the phylogenetic affinities of the latter are

equivocal at best (Dyke & van Tuinen, 2004;

Mayr, 2004). Another putative gaviiform is the

late Cretaceous Neogaeornis wetzeli, represented

by an isolated tarsometatarsus from the late

Cretaceous of Chile (Olson, 1992).

In the first epoch of the Paleogene system,

the Paleocene (65.5–55.8Ma; dates for this and all

subsequent epoch and stages from Gradstein

et al., 2004), the fossil record improves vastly in

terms of number of taxa, although little of the

material is preserved as reasonably complete

specimens. Globally, members of the following

groups have been described with certainty:

Lithornithidae (“stonebirds”; extinct, volant

Palaeognathae; Houde, 1988; Mayr, 2007a),

Gastornithidae (giant, flightless, and possibly

meat-eating birds related to the Anseriformes;

Buffetaut, 1997; Mayr, 2007a), Presbyornithidae

(extinctwaterfowl;Olson,1994;Benson,1999),Car-

iamae (the clade including the extant seriemas;

Mayr, 2007a), Phorusrhacidae (extinct meat-eating

“terror-cranes”; Alvarenga & H€offling, 2003),

Messelornithidae (extinct crane-like birds; Mourer-

Chauviré, 1995a), Odontopterygiformes (extinct

bony-toothed birds; Harrison, 1985; Bourdon,

2005; Bourdon et al., 2005), Sphenisciformes

(penguins; Tambussi et al., 2005; Slack

et al., 2006; Tambussi & Acosta Hospitaleche,

2007), Strigiformes (owls; Rich & Bohaska, 1976;

Mourer-Chauviré, 1994; Mayr, 2007a). In addition,

thereareanumberof taxawhoseexactphylogenetic

positions remain uncertain: for example, members

of the “form family” Graculavidae (Olson & Par-

ris, 1987); the Remiornithidae (extinct birds possi-

bly of palaeognathous affinities; Mayr, 2005a);

Walbeckornis (Mayr, 2007a) and a new taxon of a

large ground-dwelling bird (most likely a palaeog-

nath; Buffetaut & de Ploeg, 2008).

By the time of the early and middle Eocene

Epoch (55.8–48.6 and 48.6–37.2Ma, respectively),

the fossil record of modern birds suddenly

improves drastically in terms of both quantity

and quality, chiefly due to the presence of

a number of deposits inEurope andNorthAmerica

with exceptional preservation qualities (Fossil-

Lagerst€atten sensu Seilacher et al., 1985). These

include the lower Eocene London Clay (UK)

and Fur (Denmark) Formations; the middle

Eocene Green River Formation (North America)

and Messel (Germany) deposits and the middle–

upper Eocene Geiseltal deposits (Germany)

(Mayr, 2005a; Lindow&Dyke, 2006). The number

of known clades is too large to list here; it has been

estimated that at least 55 family-level clades of

birds are known from the Paleogene of Europe and

another 25 in the early Eocene of North America

(James, 2005). Interested readers are referred to

review papers such as Mayr (2005a) and Lindow

& Dyke (2006).

The range of fossil and living clades of birds

known today will probably continue to be

extended for years to come. Paul (2003) conducted

a historical, bibliographic study comparing

“palaeontological effort” (collecting effort/num-

ber of specimens described) to the publication date

of the earliest stratigraphic record of fossil fami-

lies. The results indicate that within the clade,

families of birds still have relatively incompletely

known stratigraphic ranges, which are still

being extended back in time (Paul, 2003). Similar

“collector curve” studies corroborate this obser-

vation, but have noted that new fossils appear to

be “filling known gaps” and are “not creating

new ones”, i.e. ranges are not being extended, at

least for Mesozoic groups (Fountaine et al., 2005)

(see Dyke & Gardiner, Chapter 5, this volume).
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However, the geographic range of fossil birds is

being extended, especially into the Southern

Hemisphere (Fountaine et al., 2005). Interestingly,

a statistically significant shift in preservation

environments of avian fossils between the Creta-

ceous and the Paleogene has been noted (Dyke

et al., 2007); a database investigation of fossil

specimens has shown that neornithine birds are

much more prevalent in aquatic environments

than their nonneornithine predecessors, which

could indicate a biological shift in habitat.

These analyses are especially relevant in rela-

tion to future efforts to discover new localities for

well-preserved fossil bird material; especially in

the light of the apparent need for the occurrence of

rare depositional environments (e.g. Solnhofen,

Liaoning, Fur, Green River, and Messel), which

allow researchers to gain adequate anatomical

information in order to identify the taxonomy of

the specimens and faithfully reconstruct their true

phylogenetic relationships.

As has been noted by several authors, the

neornithine fossil record is seriously skewed

towards the Northern Hemisphere, especially

Europe and North America, for historical reasons

(Cracraft, 2001). However, it has repeatedly been

pointed out that the closest contemporary recent

relatives of the Paleogene fossil birds of theNorth-

ern Hemisphere are to be found in the Southern

Hemisphere, a fact which has often been inter-

preted as support for a Gondwanan origin of

Neornithes as a whole (Mourer-Chauviré, 1995b;

Mayr, 2005a). Other studies, which have com-

bined information derived from both phylogeny

and recentbiogeographical distributionpatterns of

Neornithes, suggest that the clade originated

and began to diversify during or before the breakup

of Gondwanaland in the Early Cretaceous (Hedges

et al., 1996; Cracraft, 2001; Ericson, 2008). An

equally valid interpretation is that this distribu-

tion can be attributed to the displacement to the

Southern Hemisphere at the end of the Paleogene

of groups originating in theNorthernHemisphere,

due to the disappearance of tropical or subtropical

environments (Fain & Houde, 2004). Indeed,

because little sampling effort in deposits of this

age (and older) has taken place in the Southern

Hemisphere, hypotheses suggesting that some, or

all, of the modern avian radiation may have taken

place outside of thewell-sampledNorthernHemi-

sphere regions cannot readily be tested at present

(Lindow & Dyke, 2006).

THE PATTERN OF NEORNITHINE

DIVERSIFICATION: PHYLOGENETIC

ANALYSES

Before any well-founded hypotheses of evolution,

diversification, and lineage dynamics of a given

avian clade can be made, the exact pattern of

relationships within it must be established

through phylogenetic analyses (Dyke, 2003a).

The interrelationships of the higher-order clades

within Neornithes have been largely unresolved

for a long time, despite the efforts of both

morphological and molecular studies, which

has been pointed out by several authors

(Cracraft, 2001; Dyke & van Tuinen, 2004; Fain

& Houde, 2004; Edwards et al., 2005). However,

two recent analyses with a wide array of genomic

sampling have yielded very promising results

(Ericson et al., 2006; Hackett et al., 2008).

Morphological Analyses

As noted by Mayr & Clarke (2003) there are

comparatively few well-sampled morphological

phylogenetic analyses of neornithine birds,

whereas the relationships among extinct groups

diverging earlier than the clade Neornithes are

relatively well-understood (e.g. Chiappe &

Dyke, 2002, 2006).

Phylogenetic analyses of Neornithes based on

morphology have usually been restricted to stud-

ies of individual groups, such as Charadriiformes

(Mickevich & Parenti, 1980; Chu, 1995; all based

upon modified versions of the character matrix in

Strauch (1978) non-cladistic study), Larinae

(Chu, 1998) and Galliformes (Dyke et al., 2003).

Despite calls for the use and inclusion of well-

preserved bird fossils in phylogenetic analyses

based onmorphological data to help resolve issues
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of relationships within neornithines (Dyke & van

Tuinen, 2004; Lindow&Dyke, 2006), fossils have

rarely been used on a large scale, despite the fact

that a number of almost complete and relatively

well-preserved ones exist (e.g. many of the taxa

listed inMayr, 2005a). Use of fossil taxa is usually

restricted to outgroups (Mayr & Clarke, 2003;

Livezey & Zusi, 2006, 2007) or included in

analyses restricted to less inclusive clades,

often at “ordinal” level (e.g. Ericson, 1997; Live-

zey, 1997; Dyke &Gulas, 2002; Mayr, 2002, 2003,

2005b; Dyke, 2003b; Gulas-Wroblewski &

Wroblewski, 2003; Mayr & Mourer-Chauviré,

2004). However, recent phylogenetic analyses

have employed several fossil and extant taxa,

but unfortunately only sampled for single extinct

clades (Odontopterygiformes or Sphenisciformes)

and had somewhat skewed taxonomic distribu-

tions (e.g. Bourdon, 2005; Bourdon et al., 2005;

Slack et al., 2006).

Indeed, fossil Paleogene neornithine taxa

appear to have been almost completely ignored

in the few wide-sampled morphological analyses

of Neornithes. Instead, the importance of Meso-

zoic non-neornithine birds as outgroups for

character polarization has been oft promoted

(Livezey & Zusi, 2001, 2007). This is unfortunate

as previous studies of other groups have shown

that solely utilizing fossils as outgroups will not

resolve problems of ingroup relationships andhelp

recover correct topologies; fossils with basal posi-

tionswithin the clades to be analysedmust also be

included (Donoghue et al., 1989).

The absence of characters drawn from good,

well-represented fossil material, has meant that

many years of anatomical work has proved un-

successful in unravelling the relationships of

extant birds on the basis of osteological characters

(Cracraft et al., 2004; Mayr, 2005a). In particular

the clade Neoaves (the “neoavian comb” of

Cracraft et al., 2004) remains largely unresolved

(see Livezey, Chapter 4, this volume).

Relatively recently, however, Livezey & Zusi

(2006, 2007) published a very exhaustive phyloge-

netic analysis of 150 taxa of Neornithes and 2954

characters. Amongst other results, their analysis

recovered a monophyletic Palaeognathae (with

the exception of the fossil Lithornis; see below);

a monophyletic Neognathae and a monophyletic

“Galloanserae” as sister-group to awell-supported

(bootstrap, 99%; Bremer support, 18) monophy-

letic Neoaves. Interestingly, while the clade

Neoaves appears relatively well supported within

the analysis, many of its subclades and successive

clades are in fact quite weakly supported (i.e.,

bootstrap, <50%; Bremer support, 1–3; Livezey

& Zusi, 2007, figure 10). Despite this large sample

of taxa, few fossils were included. A number of

theropod dinosaur taxa and Mesozoic avians were

employed as outgroups. The extinct palaeognath

Lithornis appears to be the only fossil Paleogene

avian taxon included in the analysis a priori.

Interestingly, it was recovered as the sister

group to all other Neornithes, contrasting

with previous studies which have considered it

to be part of the Palaeognathae (Houde, 1988;

Dyke, 2003c; Leonard et al., 2005). Furthermore,

the extinct orders Dinornithiformes and Aepyor-

nithiformes were included in the analysis, but

only placed a posteriori within a backbone-con-

strained most parsimonious tree, due to initial

analytical problems apparently caused by missing

data for these two taxa (Livezey & Zusi, 2007).

This large morphologically based analysis has

been critically reviewed by Mayr (2007b). Several

examples of incorrect, doubtful, or unacceptably

ill-assumed generalized character scoring in the

analysis of Livezey & Zusi (2006, 2007) not with-

standing, Mayr (2007b) correctly showed that

very large amounts of homoplastic characters in

a morphological data set swamps and overrules

relatively few phylogenetically informative char-

acters, resulting in the weakly supported and

practically unresolved nodes mentioned above.

He advocated that future morphological analyses

should concentrate on identifying and utilizing

a smaller number of key apomorphic characters,

instead of just increasing the amount of characters

in data sets. Nonetheless, Mayr (2007b) also

acknowledged that the large morphological anal-

ysis did in fact manage to recover a number of

novel clades also discovered in the molecular

analyses of Fain & Houde (2004) and Ericson

et al. (2006).
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Despite the above taxonomic shortcomings

and minor discrepancies between the various

morphological analyses, an overall, repeated

pattern of divisions within Neornithes can be

summarized as follows (Mayr & Clarke, 2003;

Cracraft et al., 2004; Slack et al., 2006; Livezey

& Zusi, 2007): (i) A division between the clades

Palaeognathae (ratites, tinamous, and extinct

lithornithids and Neognathae (all other groups);

(ii) one or more divisions involving waterfowl

(Anseriformes), landfowl (Galliformes), and

extinct bony-toothed birds (Odontopterygiformes)

(exact topology of this clade unresolved; see

Bourdon, 2005; Mayr, 2008) and Neoaves (all

other groups); and (iii) a mostly unresolved clade

Neoaves.

MOLECULAR ANALYSES

Untill recently molecular analyses have also

failed to adequately resolve the “neoavian comb”

withinNeornithines (Johansson et al., 2001;Poe&

Chubb, 2004; Sorenson et al., 2003; Dyke & van

Tuinen, 2004; Edwards et al., 2005). However, one

recent analysis using b-fibrinogen recovered two

previously unrecognized parallel clades within

Neoaves, “Metaves” and “Coronaves” (Fain &

Houde, 2004). An even more recent analysis

using a wider array of gene regions (c-myc, RAG-

1, myoglobin, b-fibrinogen, and ornithine decar-

boxylase) managed to resolve Neoaves further and

corroborate the monophyly of several groups pre-

viously recovered in independent morphological

andmolecular studies (Ericson, et al., 2006). How-

ever, the above-mentioned monophyletic clades

“Metaves” and “Coronaves” collapsed when the

b-fibrinogen data were excluded.

The inability to adequately resolve Neoaves

reflects short internodes resulting from rapid

radiation at the base of modern birds; in turn

these short internodes are responsible for con-

founding attempts at resolving polytomies

adequately (Johansson et al., 2001; Feduccia, 2003;

Sorenson et al., 2003; Poe & Chubb, 2004; Fain &

Houde, 2004; Edwards et al., 2005; Hackett

et al., 2008).

Results of several molecular analyses support

the same overall topology as described above for

morphological analyses: (i) a deeply rooted divi-

sion between Palaeognathae and Neognathae;

(ii) a well-established and relatively deeply rooted

division between Galloanserae (Galliformes þ
Anseriformes) and Neoaves; and (iii) a rapid,

almost simultaneous radiation between the

remaining groups within Neoaves (Ericson, 2008).

THE K–Pg EXTINCTION EVENT AND

HYPOTHESES OF ITS IMPACT ON

NEORNITHINE EVOLUTION

The Cretaceous–Paleogene (K–Pg) mass extinc-

tion took place at a geologically and environmen-

tally complicated time in Earth history

(Archibald, 1997). Although the exact order of

events and the weight of various proposed

mechanisms behind global mass extinction has

been and continues to be debated (e.g. Sharpton &

Ward, 1990; Ryder et al., 1996), a general overview

of events for the Cretaceous–Paleogene extinction

event can be summarized as follows: first, there

was a major marine regression, which resulted

amongst others things, in terrestrial habitat frag-

mentation (Archibald, 1997). Second, a phase of

continentalfloodbasalts, theDeccan traps in India

injected large amounts of SO2 and CO2 into the

atmosphere (Courtillot et al., 1996; Chenet

et al., 2008). Third, there were one or more bolide

impacts, one of which occurred in the Caribbean

region (Alvarez et al., 1980; Alvarez, 1983;

Hildebrand et al., 1991). Observational evidence

suggests that the bolide impact resulted in a short,

sharp “impact winter” caused by clouds of impact

ejecta darkening the atmosphere (Wolfe, 1991;

Wolfe & Russell, 2001) along with increased

rates of acid rain (Prinn&Fegley, 1987; Sigurdsson

et al., 1992; Retallack, 2004). In the minutes and

hours immediately after the bolide impact, a

“short-term infrared thermal event” has been

hypothesized, where particles of ejecta sent into

suborbital trajectories heated up to incandescent

levels and bathed the Earth in lethal infrared

radiation and causied global wildfires (Melosh
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et al., 1990; Robertson et al., 2004). Finally, there

was a brief, intense greenhouse warming with

increased levels of precipitation (Wolfe 1990;

Wolfe & Russell, 2001; Arens & Jahren, 2000).

This sequence of events in turn led to major

simultaneous disruptions of global terrestrial

and marine ecosystems and mass extinction

(Norris, 2001; Wolfe & Russell, 2001).

As noted by several authors, the best sampled

terrestrial K–Pg boundary record is found in the

Western Interior of North America, and almost

all hypotheses on the nature and effect of the

extinction event on terrestrial organisms (includ-

ing birds) have been based on this record

(Archibald & Bryant, 1990; Sheehan & Fastovsky,

1992; Archibald, 1997; Wolfe & Russell, 2001;

Retallack, 2004; Robertson et al., 2004). Naturally

the extremely limited, regional nature of this

record calls for a cautionary approach to correlat-

ing cause and effect of the mass extinction on

a global scale (Archibald & Bryant, 1990; Sheehan

& Fastovsky, 1992; Archibald, 1997; Robertson

et al., 2004).

Several studies have highlighted the necessity

of making analyses of the ecological selectivity of

the extinction event, i.e. examining both which

taxa became extinct and which survived, in order

to understand the nature of the event and test

associated hypotheses. This has been studied for

both marine and terrestrial sections (e.g. Kitchell

et al., 1986; Sheehan & Hansen, 1986; Galla-

gher, 1991; Rhodes & Thayer, 1991; Sheehan &

Fastovsky, 1992; Sheehan et al., 1996; Retal-

lack, 2004; Robertson et al., 2004).

Birds have figured in relatively few scenarios

considering selective extinction and survival at

theCretaceous–Paleogeneboundary, probably due

to their extremely limited fossil record. The latest

Cretaceous and Paleocene avian fossil record is so

scant that it is not even certainwhether the earlier

diverging Mesozoic groups of non-neornithine

birds disappeared before or at the boundary, or

perhaps survived across it (Chiappe, 1995; Padian

& Chiappe, 1998; Chiappe & Dyke, 2002);

although preliminary reports of chronostrati-

graphic data from North America suggest that

their diversity was declining or they had disap-

peared before the end of the Maastrichtian

(Stidham, 2002, 2008).

Based strictly on the fossil record of birds, and

ignoring molecular studies, Feduccia [1995, 2003]

proposed that birds underwent a massive extinc-

tion event at the Cretaceous–Paleogene boundary.

His scenario proposes that all avian groups basal to

the neornithine birds became extinct, and that

only two cladeswithin theNeornithes, the paleog-

naths and the “transitional shorebirds” survived

an evolutionary bottleneck, before embarking on

a rapid diversification in the Paleocene. However,

the assumption on which this line of reasoning is

based is flawed, as has been noted by several

authors. First, the evidence for a morphological

grade of “transitional shorebirds” (Feduccia, 1976,

1977, 1978; Olson & Feduccia, 1980) has been

repeatedly criticized for its deeply flawed meth-

odology and assumptions (Cracraft, 1981, 1988;

Livezey, 1997; van Tuinen et al., 2003). Second,

proper cladistic analyses based on morphology

(McKitrick, 1991; Ericson, 1997; Livezey, 1997)

and molecular studies of mitochondrial genomes

have also soundly refuted the possibility of shore-

birds being basal to other neornithines (Paton

et al., 2002). Third, cladistic analyses have

found no synapomorphies between a key taxon

to the “transitional shorebird hypothesis”, the

extinct anseriform Presbyornis, and charadrii-

forms and/or phoenicopterids (Ericson, 1997;

Livezey, 1997); the similarities between them

are plesiomorphic character states for neog-

nathous birds (Ericson, 1997). Fourth, discoveries

of phylogenetically well-constrained latest Creta-

ceous crown-group anseriforms have destroyed

another central tenet of the hypothesis, namely

that these evolved from transitional shorebirds

after the Cretaceous (Clarke et al., 2005). Finally,

there is not enough fossil evidence in the latest

Cretaceous, which could indicate that lineages of

non-neornithine birds became extinct at the K–Pg

boundary, but it is just as likely that they disap-

peared some time before the event (Chiappe, 1995;

Padian & Chiappe, 1998).

Retallack (2004) attempted to explain the selec-

tive extinction of large dinosaurian herbivores

and carnivores at the K–Pg boundary through
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the destructive effects of increased acid rain due to

bolide impact and atmospheric shock (Prinn &

Fegley, 1987) alongside aerosols and carbonic

acid from volcanic eruptions coupled with the

detritus-buffered survival hypothesis (Sheehan

& Hansen, 1986; Sheehan & Fastovsky, 1992).

There is solid, independent evidence for a dra-

matic increase in pH values from pedo-, chemo-,

and bioassays from the latest Cretaceous and ear-

liest Paleogene of North America. A comparative

bioassay of organismic pH-tolerance levels indi-

cates that in North America, terrestrial pH levels

were suppressed to between 5.5 and 4, supported

by the observations of severe extinctions of non-

marine molluscs, while amphibians and fish sur-

vived relatively unscathed (Retallack, 2004).

Severe acid rain could damage plant ecosystems

through leaf browning and fall, in turn killing off

the large herbivores needing large quantities of

green plant material (Prinn & Fegley, 1987).

This in turn would lead to the extinction of the

large and middle-sized carnivorous forms preying

upon these. On the other hand, taxa dependant on

the detritus foodchain, which has forest-soil leaf

litter, decaying plant material, and fungi, and

includes annelids, molluscs, and arthropods at

is base, would be buffered against extinction

(Sheehan & Hansen, 1986). The fossil record

adequately supports that terrestrial insectivorous

and omnivorous mammals along with turtles,

crocodiles, and champsosaurs (based on the

detritus foodchain in streams) favourably survived

the extinction event (Sheehan & Hansen, 1986).

While the acid-rain–detritus-buffering mecha-

nism adequately explains the extinction of large

herbivores and carnivores and survival of the

above-mentionedvertebrates, itcannotadequately

address the selective survival of neornithine

birds in contrast with their enantiornithine

cousins and small theropod dinosaurs, although

neornithines are specifically discussed by

Retallack (2004). The neornithines considered by

him are the “transitional charadriiforms”, which

as mentioned above is a nonexistent taxonomic

group based on faulty reasoning.

Nonetheless, the hypothesis can still be tested

by adopting a very conservative estimate of which

neornithine lineageswere definitely present in the

latest Cretaceous based on the above-mentioned

phylogenetic analyses and the known fossil

record: phylogenetically well-constrained anseri-

forms (Clarke et al., 2005) positively infers

the existence of Galliformes (the sister-taxon

of Anseriformes); Neoaves (the sister-taxon of

“Galloanserae”) and Palaeognathae (the sister

taxon of Neognathae) and quite likely also Odon-

topterygiformes (Bourdon, 2005; Mayr, 2008).

Palaeognathae, Galliformes, Anseriformes, and

stemNeoaveswould be selectively able to survive

the extinction event as they are coupled to the

terrestrial or aquatic detritus-buffered foodchains.

However, the problem is that two other groups

equally likely to be coupled to the detritus

foodchain became extinct: enantiornithine birds

and small theropod dinosaurs (Sheehan & Fas-

tovsky, 1992). While preliminary reports indicate

that enantiornithines might have become

extinct some time before the K–Pg boundary

(Stidham, 2002, 2008), countless studies have

now shown that the theropod dinosaurs had the

same physiological and anatomical adaptations as

birds and for ecological purposes can be considered

small, feathered, nonflying birds. Therefore birds

and their small dinosaurian theropod cousins

become an obstacle to the acid-rain–detritus-feed-

ing selective survival/extinction hypothesis,

although it may adequately explain the survival

of other groups.

Based on the hypothesis that heated, re-enter-

ing ejecta grains from the Chicxulub impact

bathed the Earth in intense infrared (IR)

radiation (Schmitz, 1988;Melosh et al., 1990), kill-

ing unsheltered organisms on a global scalewithin

minutes and a few hours immediately after the

bolide impact, and causing global wildfires

(Robertson et al., 2004).

The physical evidence for the global dust cloud

in the marine record is a worldwide “basal layer”

of iridium-enriched fine-grained clay with ele-

vated levels of concentrated metal trace elements

hypothesized to derive from atmospheric fallout

of impact-related ejecta grains (Melosh, et al.,

1990). However, this was questioned earlier by

Schmitz (1988) who used major element analysis
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to show that the metal elements of the “basal

layer” aremost likely toderive fromlocal seawater

and have been concentrated in the “basal layer” as

a precipitation horizon associated with algal

decomposition on the seafloor at the end of the

Maastrichtian. Furthermore, the absence of phys-

ical evidence in the terrestrial record of North

America for the infrared radiation-inducted global

wildfires has been noted; the amounts of charcoal

in the boundary layers are in factwell below (or are

absent) the background levels seen in latest Cre-

taceous of North America (Belcher et al., 2003).

Robertson et al. (2004) argued that the terres-

trial animal groups which survived were the ones

that were able to find shelter in water, burrows,

wood, or beneath rocks: fishes, amphibians,

turtles, crocodilians, champsosaurs, neornithine

birds, and mammals. Animals not able to sub-

merge themselves in water or burrow would not

survive the intense, short-term thermal shock.

However, the presence and survival of several

neornithine bird groups across the K–Pg boundary

actually provides serious problems for the hypoth-

esis of “thermal death by IR” as clearly evidenced

in the convoluted discussion by Robertson

et al. (2004). Once more, the list of putative neor-

nithine groups present in the Late Cretaceous by

Robertson et al. (2004) is ill-founded. It is partially

based on a number of dubious taxa of isolated

elements from Hope (2002) and associated

ghost-lineages based on the preliminary phy-

logenetic hypotheses of Cracraft (2001) along

with “shorebirds similar to charadriiformes”

(Robertson et al., 2004), who appear to be a legacy

of the above-mentioned flawed hypothesis of

Feduccia (1995). Again, this particular hypothesis

can be tested by considering the four or five

neornithine lineages that were definitely present

in the latest Cretaceous: palaeognaths, anseri-

forms, galliforms, the neoavian lineage, and

odontopterygiforms.

While the anseriforms (and possibly also the

odontopterygiforms, assuming the latter had

already evolved anaquatic or semi-aquatic ecology

at the time) could survive by diving according to

Robertson et al. (2004), there remains a serious

respiratory problemtobedealtwith.Although it is

true that ectothermic vertebrates (fishes, amphi-

bians, crocodiles, champsosaurs, and turtles)

could remain submerged for a relatively long

time (hours) due to their low metabolism, out of

harms’ reach of the IR, as contended by Robertson

et al. (2004), birds (and the semi-aquaticmammals

for that matter) are in trouble. As clearly stated by

Robertson et al. (2004), the birds are unable to hold

breath more than one minute, after which they

need to resurface to replenish their air supply.

However,when resurfacing, theywould be subject

to the IR. If thiswent on for hours, as posited by the

hypothesis, the birdswould be indire straits due to

themetabolic need of having to stay surfaced after

repeated, prolonged dives. During this time they

still receive the full blast of the IR. In an ill-argued

attempt to circumvent this problem Robertson

et al. (2004) suggests that as their plumage

would get singed, waterwould penetrate it, adding

to their protection and allowing the birds to seek

shelter “under rocks or in agitated shallowwater”.

Given the globally destructive conditions of

the initial hypothesis, it is more likely that the

anseriforms and birds with similar ecological

preferences also would have been killed off by

the IR.

As correctly pointed out by Robertson

et al. (2004) galliforms and palaeognaths pose a

much more serious obstacle to the hypothesis, as

their recent representatives are all nonswimming

and nonburrowing. No reasonable explanation is

given for galliform survival, while it is suggested

that the small size of earliest known palaeognaths

(the much later Paleogene Lithornithidae of

Houde, 1998) could indicate “they might have

burrowed” (Robertson et al., 2004). However,

this is an unfounded suggestion without any

supporting morphological evidence whatsoever.

Generally the proposed extinction/survival

hypothesis is deeply flawed; the IR thermal radi-

ation model is simply too lethal. Using the

assumptions by Melosh et al. (1990), Robertson

et al. (2004) describe the global flux of thermal

radiation as around 10kWm�2, “power levels

comparable to those obtained in a domestic

oven set at ‘broil’” and lasting several hours.

While they explicit state that it is the effects of
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lethal IR and not the associated global wildfires

they are analysing, these two factors are so inti-

mately associated, that their joint effect must be

considered (Belcher et al., 2003). AlthoughRobert-

son et al. (2004) go on to suggest that semi-aquatic

neornithine birds were able to survive and find

shelter from the IR “in lakes, marshes or swamp-

lands having dense sheltering vegetation unlikely

to burn fully” and later restate that “Dense marsh

vegetation common in the Cretaceous probably

did not burn completely”, the initial conditions

set by the hypothesis makes this “survival

strategy” rather inadequate. High temperatures

and burning vegetation would quickly force the

sheltering animals out into the open, where they

would have been roasted by IR. As noted above,

staying continuously submerged for a longer

period is not an option for birds.

Summing up, Robertson et al. (2004) need

a string of dubious or completely unfounded

ad hoc explanations to explain the selective sur-

vival of the neornithine lineages. Together with

the above-mentioned geological and sedimentolog-

ical evidence (Schmitz, 1988; Belcher et al., 2003,

and references therein), the survival of particularly

galliforms and palaeognaths indicates that a phase

of thermal IR probably did not happen or (if it did)

was not important enough to be a major factor in

extinction or survival at the K–Pg boundary.

Without proposing any specific hypothesis, but

noting that larger organisms are more prone to

extinction during times of ecological crisis, Hone

et al. (2008) suggested that a trend towards smaller

size in ornithuromorph birds (including Neor-

nithes) might have aided their survival during

the K–Pg extinction event.

TIMING BASAL NEORNITHINE

DIVERSIFICATION EVENTS

The early pattern of radiation within Neornithes,

especially with regard to the temporal resolution

of events, has been subject to much debate and

investigation. Most of the debate resolves around

the discrepancies between the fossil record, which

preserves little evidence of neornithine diversity

pre-dating the K–Pg boundary (at least in the

Northern Hemisphere) and molecular studies,

which imply both origins and diversification

deep into the Cretaceous (Hedges et al., 1996;

Cracraft, 2001; Dyke & van Tuinen, 2004). An

important point in the debate, which has

been largely overlooked by advocates of bothmor-

phology and molecular studies, is the need to

adequately distinguish between origin and diver-

sification (Dyke & van Tuinen, 2004; van Tuinen

et al., 2006).

Hard evidence in the shape of the presence of

undoubted anseriforms in the latest Cretaceous

implicates the existence of at least three

other lineages of Neornithes in the Cretaceous:

Galliformes (the sister-taxon of Anseriformes);

Neoaves (the sister-taxon of “Galloanserae”),

and Palaeognathae (the sister taxon of Neog-

nathae) (Clarke et al., 2005). In addition,

phylogenetic analyses (Bourdon, 2005; Bourdon

et al., 2005) and morphological studies

(Mayr, 2008) indicate that Odontopterygiformes

are placed outside Neoaves, possibly as the

sister group of Anseriformes to the exclusion of

Galliformes. This means that the bony-toothed

birds were also present in the latest Cretaceous.

Although partially based on the incorrect iden-

tification of fossil taxa, Cracraft (1986) was among

the first to propose a Cretaceous origin of the

Neornithes based on a proper phylogenetic analy-

sis of morphological characters. Combining the

then known fossil record of three avian clades

(Strigiformes, Caprimulgiformes, and Apodi-

formes) in a statistical fossil gap analysis

(Marshall, 1997), Bleiweiss (1998) showed that

these three orders most likely originated within

a short time during the early Paleocene.

Studies using a “molecular clock” approach

have also repeatedly placed the divergence and

origin of modern birds within the Cretaceous

(Hedges et al., 1996; Cooper and Penny, 1997;

Paton et al., 2002). However, as has been pointed

out several times,muchof thecalibrationhas been

made uncritically using fossils, which are scanty

and/or of extremely equivocal taxonomic affinities

(Chiappe & Dyke, 2002; Dyke & van

Tuinen, 2004). Also, some genes, such as RAG-1,
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clearly behave in a nonclock-like way (Paton

et al., 2002).

One example of this practice is the study of

Cooper & Penny (1997), which employed a mo-

lecular clock approach using 12S rRNA and the

c-mos nuclear gene to propose the origin of several

neornithine clades of birds in the Cretaceous,

120–140 Ma. However, among the fossil

specimens they used to calibrate their data

(Cooper & Penny, 1997) was the above-mentioned

“gaviiform” Polarornis (Chatterjee, 2002), whose

affinities are equivocal at best (Dyke & van

Tuinen, 2004; Mayr, 2004), and Paleocene

“transitional charadriiforms” (Olson, 1985),

whose taxonomic identification is based on

flawed methodological assumptions (Cracraft,

1981, 1988). Furthermore, their corrected parsi-

mony tree (Cooper & Penny, 1997) is at odds with

accepted phylogenies of modern birds, in that

galliform birds are the sister group of all other

neornithine taxa, including ratites.

Other studies have tried to circumvent the

problems with the immediate fossil record, by

using extremely old, fossil-supported external cal-

ibration points such as the 310Ma split between

synapsid (mammals) and diapsid (birds) reptiles

(Hedges et al., 1996). However, as noted by Padian

& Chiappe (1998), the age of bird diversification

was calculated against an incorrect date (Late

Triassic) for crown-group mammals (Middle to

Late Jurassic), and is therefore incorrect by a dif-

ference of about 60 Myr.

Also, the date of 310Ma has been shown to be

based on: (i) a very uncertain identification of

the Carboniferous amniote fossil Hylonomus as

a diapsid; (ii) failure to include substantial preci-

sion errors of geological ages, which of course

would be magnified in subsequent nodes calcu-

lated on the basis of this date; (iii) failure to

correctly employ standard errors; i.e. using error

bars instead of 95% and 99%confidence intervals.

Including correctly calculated estimates of error in

these studies would have yielded a much larger

interval of 132–67 Ma (95% confidence) for

the neornithine diversification (Graur &

Martin, 2004). Also, molecular clock methods

have been shown to overestimate divergence

dates due to statistical test failure to properly

exclude genes with nonclock-like behaviour and

incorrect arithmetic treatment of skewing in

clock estimates (Benton & Ayala, 2003).

A solution to the abovementionedquestions on

origin and diversification and the discrepancies

between “molecular clock” dating and the fossil

record has been provided by the recent analysis of

Ericson et al. (2006). As noted above, their analysis

of several genes managed to both resolve the clade

Neoaves better than previous analyses and recover

several clades within Neoaves, which had previ-

ously been proposed by independent analyses,

both morphological and molecular. More

importantly, for the first time the topology of

the resulting tree was calibrated by the use of

phylogenetically well-documented and well-con-

strained fossils. The results indicated that while

some neoavian lineages were present in the latest

Cretaceous, the main higher-level diversification

phase within the clade took place during the

Paleocene, after the K–Pg boundary. Although

specifics of this analysis have been criticized

and the same data have been used to support

an extensive diversification at the end of the Cre-

taceous (Brown et al., 2007), the initial assump-

tions and results have been adequately defended

(Ericson et al., 2007).

These results fit surprisingly well with the pre-

viously mentioned conclusions of the fossil gap

analysis of Bleiweiss (1998), whichwas centred on

the neoavian clades Strigiformes, Caprimulgi-

formes, and Apodiformes. Furthermore, fossil

evidence in the shape of phylogenetically well-

constrained fossil penguins (Sphenisciformes;

members of Neoaves; Slack et al., 2006) indicate

that the main phase of rapid neoavian diversifica-

tion must have taken place by the earliest

Paleocene.

CONCLUSIONS

In recent years the early evolution ofmodern birds

(Neornithes) has been the focus of intense scien-

tific research and debate, with many and varied

research efforts in a number of fields, including
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paleontological, morphological, and molecular

studies. Investigations have especially centred

on such issues as the relationships within and

between various clades within Neornithes; the

origin of the clade as a whole; and the timing and

pattern of different radiations within the clade,

chiefly that of the subclade Neoaves. Molecular

clock studies have long advocated a date of origin

for modern birds in the Cretaceous Period, and

recent fossil evidence has unequivocally con-

firmed the presence ofmembers of theNeornithes

in the latest Cretaceous (Clarke et al., 2005), just

before thegreatmassextinctionat theK–Pgbound-

ary, some 65Ma. Also, a combination of several

molecular analyses of relationship calibrated

against phylogenetically well-documented and

well-constrained fossils have managed to tempo-

rally constrain the radiation of one of the main

clades within Neornithes, the Neoaves (Ericson

et al., 2006). While the clade already started to

differentiate within the latest Cretaceous, the

main, explosive phase of diversification is now

regarded as having taken place during the

Paleocene Epoch, possibly within as little as

5 Myr of the K–Pg boundary mass extinction

(Ericsonet al., 2006).Theexactdatesof origination

and diversification differ between studies and are

still subject to much debate (Ericson et al., 2006,

2007; Slack et al., 2006; Brown et al., 2007), chiefly

due to lack of well-preserved Late Cretaceous fos-

sils to calibrate the earliest divergences against.

Nonetheless, the main origination and/or diversi-

ficationphaseswithinNeornithesasrecognizedby

current morphological and molecular consensus

can be summarized as follows (Figure 14.1):

1 division between Palaeognathae and Neog-

nathae (ca. 100Ma; Ericson et al., 2006; Slack

et al., 2006; van Tuinen et al., 2006);

2 one or more divergences resulting in the origin

of Galliformes, Anseriformes and probably

Fig. 14.1 Conceptual diagram synthesizing currentmolecular andmorphological models of origin and diversification

of neornithine lineages during the lateCretaceous and earliestPaleogene.Grey circles denotemainphases of originand

diversification: 1, Palaeognath/Neognath division; 2, divergence of anseriform–galliform–odontopterygiform com-

plex; 3, initial neoavian diversification; 4: main, extensive neoavian diversification. Vertical grayshade line: K–Pg

boundary. (Based on Bourdon, 2005; Ericson et al., 2006; Slack et al., 2006; van Tuinen et al., 2006; Mayr, 2008; ages

from Gradstein et al., 2004.)
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Odontopterygiformes (95–90Ma; Ericson et al.,

2006; Slack et al., 2006; van Tuinen et al., 2006);

3 initial basal diversification of Neoaves in

the latest Cretaceous (75–65Ma; Ericson

et al., 2006);

4 main, extensive diversification within Neoaves

after the K–Pg boundary (65–55Ma; Ericson

et al., 2006).

The survival of several lineages across the

mass extinction event (aftermath of Phase 3),

and especially the rapid and extensive diversifica-

tion (Phase 4) event taking place immediately after

the mass extinction event, are especially intrigu-

ing from a research viewpoint considering extinc-

tion recovery and subsequent ecological niche

adaptation and diversification. This pattern com-

pares closely to the “alternative explosive model”

and overall conclusions of van Tuinen et al. (2006)

based on molecular clock analyses, as well as

divergence models 3 and 4 of Penny & Philips

(2004), suggesting that: (i) the effects of the K–Pg

mass extinction was relatively limited on terres-

trial vertebrates compared to marine; and (ii) that

neornithine birds moving into new niches may

be competing with and displacing (juvenile) pter-

osaurs and/or small dinosaurs.

Slack et al. (2006) suggested that smaller

pterosaurs might have been losing niche-space

to neornithine birds, but noted the need for

additional fossil data. However, database analysis

coupled with the rock record indicate that the

alleged decline in pterosaur diversity in the Late

Cretaceous is a result of taphonomic bias, and

there is no evidence for competitive replacement

of pterosaurs by birds (Butler et al., 2008). Further-

more, morphological analyses do not support

competitive exclusion between pterosaurs and

Mesozoic birds, indicating that the massive

radiation amongst Neoaves immediately after

K–Pg extinction event cannot be explained by

birds taking up niches previously occupied by

pterosaurs (McGowan & Dyke, 2007).

The dynamics, if any, of the replacement of

enantiornithines with neornithines is also an

interesting area for further study. Although

Hope (2002) and Stidham [2002, 2008] presented

data which may suggest that enantiornithines

were becoming less diverse and perhaps displaced

by more taxonomically and ecologically diverse

neornithines at the end of the Cretaceous, confir-

mation of this will require denser fossil sampling

across the boundary and especially identification

of geological deposits with high potential for the

preservation of articulated, well-preserved avian

fossil material.

The documented survival of several lineages

through the K–Pg boundary events suggests that

modern birds may actually be relatively good at

surviving in times of ecological stress and are able

to rapidly expand and diversify into new niches

within a short time. Unfortunately, the issue of

the exact response of Neornithine birds to the

K–Pg boundary mass extinction remains largely

unanswered. The hypotheses so far presented

have been based on the assumed ecological

adaptations of a phylogenetically flawed clade

of “transitional shorebirds” (Feduccia, 1995,

2003; Retallack, 2004; Robertson et al., 2004).

Furthermore, as discussed above, the selective

survival of terrestrial birds contrasted with

their small theropod dinosaur and/or enantior-

nithine cousins presents some problems to the

selective extinction/survival hypothesis involv-

ing acid rain (Retallack, 2004) and a major obsta-

cle to the infrared radiation hypothesis of

Robertson et al. (2004).

However, given a more detailed fossil record

comparable to that of mammals, birds may actu-

ally become an important asset for understanding

the exact extinction mechanisms for terrestrial

vertebrates at the K–Pg boundary. Based on the

currently published fossil record it is impossible to

determine the exact dynamics and effects of the

events at the K–Pg boundary on neornithine

and non-neornithine birds (Chiappe, 1995;

Cracraft, 2001) although promising, but unpub-

lished data from the latest Cretaceous of North

America (Stidham, 2002, 2008) may be able to

remedy this situation in the near future.

Similarly, the reason for the rapid post-K–Pg

boundary diversification and expansion is

unknown and a dearth of well-preserved fossil

material from the Paleocene Epoch currently

makes it impossible to shed much light on this
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important phase of neornithine radiation. The

discovery of one or more earliest Paleocene

Fossil-Lagerst€atten comparable to the ones

known fromthe early andmiddle Eocene is needed

in order to document exactly which lineages were

evolving and how.
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The various groups of aquatic and marine birds

have long been familiar to naturalists and

most have been formally recognized as discrete

taxa since the 19th century (e.g. Garrod, 1873;

F€urbringer, 1888; Beddard, 1898). Although these

birds constitute a major portion of the diversity

among the higher taxa of Class Aves and are well-

represented among fossils since the Paleogene

(Olson, 1985; Warheit, 2002), they are unknown

from the Cretaceous except for the fossils Vegavis

andTeviornis (Kurochkin et al., 2002; Dyke&van

Tuinen, 2004; Clarke et al., 2005; see Lindow,

Chapter 14, this volume). Living representatives

include ducks and their relatives (Anseriformes);

loons (Gaviiformes); grebes (Podicipediformes);

penguins (Sphenisciformes); tube-nosed seabirds

or petrels (Procellariiformes); cormorants,

pelicans, gannets, frigatebirds, and tropicbirds

(Pelecaniformes); auks, gulls, terns, phalaropes,

and a variety of other shorebirds (Charadrii-

formes); and the rails and sungrebes (Ralliformes).

The appearance of these taxa in 21st-century

morphology-based phylogenies (e.g. Livezey &

Zusi, 2007) and, with some anomalies, biomolec-

ular phylogenies (e.g. Hackett et al., 2008) support

their biological significance and implied evolu-

tionary relationships.

As discussed in earlier chapters, until the end of

the 20th century, ornithologists were unable to

reach a general agreement on the classification of

birds and, therefore, were unable to develop a

plausible story for the evolutionary relationships

among seabirds (Raikow, 1974). Occasionally

some particular similarity appeared as a phenetic

argument in support of anevolutionaryhypothesis

(e.g. Verheyen, 1958) but none of these gained

widespread acceptance. Part of the difficulty

may have stemmed from a superficial similarity

imposed on all members of the group by life in

aquatic habitats, just as a comparable level of

general similarity characterizes most small forest

birds or the long-legged waders that stalk through

marshes and grasslands. However, unlike the

rather conservative terrestrial groups, marine

and aquatic birds exhibit a variety of unique struc-

tural adaptations that help them cope, not only

with food handling, but also with both the ability

to move through two very different media and to

search for resources across very large distances.

The purpose of this chapter is to review some of

those functional adaptations in the light of

modern phylogenetic hypotheses and recently

discovered fossil forms.

A FRAMEWORK FOR MARINE BIRD

CLASSIFICATION

Biomolecular phylogenies

The application of biomolecular techniques to the

construction of avian phylogenies has offered

Living Dinosaurs: The Evolutionary History of Modern Birds, First Edition.    Edited by Gareth Dyke and Gary Kaiser.

© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-65666-2



solutions to some long-standing puzzles over the

relationships amongmarine or aquatic groups (e.g.

Friesen et al., 1996; Kennedy&Page, 2002; Pereira

& Baker, 2008). However, even these technically

sophisticated approaches have been faced with

unexpected difficulties. Marine and aquatic

birds are exceptionally mobile and well able to

undertake migrations from one hemisphere

to another (Shaffer et al., 2006). Such behavior

introduces the prospect of an important role for

processes of speciation affected by such dispersal

and, thereby, greatly increases the complexities of

interpreting bio-molecular analyses. Colonial

seabirds (e.g. Oceanodroma castro, O. leucorhoa)

are exceptional among vertebrates in providing

evidence for peripatric, parapatric, and sympatric

models of speciation processes (Friesen, 2007).

The biomolecular tapestry of Sibley & Ahl-

quist (1990) was the first attempt to use genetic

material (nuclear DNA) as the basis for classifica-

tion of the whole of Class Aves (see Livezey,

Chapter 4, this volume). Although it was based

solely on physical characteristics of the DNA

molecule (i.e. the difference in melting points

between pure and mixed samples), it was suffi-

ciently sensitive to distinguish many of the tradi-

tional orders and families. The resulting tapestry

of relationships scattered the marine and aquatic

birds among other clades in unexpected ways,

linking waterfowl (Anseriformes) to land fowl

(Galliformes) in a basal branch of the Subclass

Eoaves and placing many of the remaining

waterbirds among more terrestrial taxa in an all-

inclusive Order Ciconiiformes (Figure 15.1). Sub-

sequently both the methodology and the taxon

sampling approach used by Sibley and Ahlquist

were called into question (Houde, 1987a; Sarich

et al., 1989; Lanyon, 1992; Harshman, 1994) and

the influenceof their ideasonunderstandingof the

evolution of birds declined.

Sibley & Ahlquist’s (1990) treatment of Peleca-

niformes was particularly controversial because it

fragmented that order placing frigatebirds near the

crown, close to loons and petrels, but assigning the

pelicans to a position among the storks, a location

that agreed with a suggested relationship to the

shoebill stork (Balaeniceps rex) (Cottam, 1957;

Mayr, 2003; see Livezey, Chapter 4, this volume).

The remaining pelecaniform birds were placed

near the grebes and herons (Ardeiformes)

(Figure 15.1) but split into two groups, with the

tropicbirds described as a sister clade to a Parvor-

der Sulida (cormorants, anhingas, and boobies). A

more recent biomolecular phylogeny (Hackett

et al., 2008) also recognizes a close relationship

between the storks and pelicans, but places both

Fig. 15.1 Higher taxa in the biomolecular

tapestry of Sibley & Ahlquist (1990) based

on melting temperature changes between

pure and mixed samples of nuclear DNA.

The names of orders that include marine

and aquatic birds are underlined.
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with other pelecaniformbirds (Figure 15.2). In that

phylogeny, only the tropicbirds lack a close rela-

tionship to other pelecaniform birds.

The nearly linear array of higher taxa in the

Sibley & Ahlquist (1990) tapestry (Figure 15.1)

immediately encourages correlations with antic-

ipated trends in avian evolution. For instance,

within the Neoaves, weight increases as one

moves from the small forest birds in the basal

clades towards the crown clades that hold such

large birds as penguins and loons (Maurer, 1998).

That trend has important implications for several

seemingly unrelated aspects of avian biology.

Small forest birds with altricial young and elabo-

rate nests appear close to the basal groups while

many of the crown clades have more precocious

young and build minimal nests. The same forest

birds also use low-speed, highly maneuverable

flight, implying that the long-range, high-speed

flight of large aquatic and marine birds is

advanced. That arrangement has parallels in the

history of human flight in which slow, low-pow-

ered machines preceded the development of

sophisticated long-range aircraft – but history

has not been kind to the tapestry.

Sibley & Ahlquist’s (1990) pioneering effort

demonstrated that biomolecular approaches

to avian phylogeny could have much to offer

but ultimately methodological weaknesses,

especially the lack of an appropriate outgroup,

discouragedwidespread application of the tapestry

(Houde, 1987a; Sarich et al., 1989; Lanyon, 1992;

Harshman, 1994).Recent studies ofmitochondrial

and nuclear DNA (e.g. Fain &Houde, 2004; Hack-

ett et al., 2008) have further undermined its

importance even though they have been less com-

prehensive in their scope.

The very large genomic analysis of Hackett

et al. (2008) comes closest to achieving the goals

of Sibley & Ahlquist’s (1990) pioneering effort. It

also identifies the early separation of the Galloan-

serinae from other neognathous birds, a dichot-

omy that was perhaps the single most important

and novel contribution of Sibley & Ahlquist

(1990; Figure 15.2). At higher taxonomic levels,

the phylogeny of Hackett et al. (2008) shares some

structural features with morphology-based phy-

logenies, including the recent work of Livezey &

Zusi (2007). As in all biomolecular studies, the

dependence on DNA from living species isolates

the proposed phylogeny from the fossil record.

Aside from basal branches for the Paleognathae

and Galloanserinae, Hackett et al. (2008) arrange

the remaining lineages into five large clusters:

(A) forest birds, including hawks and owls;

(B) charadriiform birds; (C) pelecaniform birds,

herons, ibises, storks, petrels, penguins, and

loons; (D) cranes, rails, and cuckoos; and (E) capri-

mulgiforms and apodiforms with the sunbittern

(Eurypyga sp.) and kagu (Rhynochetos jubatus).

Unfortunately a large, unresolvedpolytomy leaves

other important lineages, such as pigeons, flamin-

gos, grebes, tropicbirds, and the hoatzin (Opistho-

comus hoazin) in an undifferentiated cluster. In

addition some of the relationships in the main

body of the phylogeny are unexpected, even anom-

alous. Cuckoos appear in a lineage with rails, and

the kagu with the potoo (Nyctibius sp.) while the

bulk of the pelecaniform birds are isolated from

the tropicbirds. By creating numerous exceptions

and increasing the number of times a particular

characteristic might have arisen, these anomalies

Fig. 15.2 Avian phylogeny derived from characteristics

of nuclear DNA by Hackett et al. (2008). The names

of orders that include marine and aquatic birds are

underlined.
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make it very difficult to postulate general evolu-

tionary themes or patterns across this phylogeny.

Fortunately, for the purposes of this chapter,many

marine and aquatic birds are contained in a single

large lineage that has some similarities with the

arrangement proposed by Livezey & Zusi (2007).

Morphology-based phylogenies

Marine and aquatic birds are distinctive because

significant changes inmorphology have accompa-

nied adaptation to their preferred habitats.

Consequently a morphology-based analysis

such as the recent phylogeny from Livezey &

Zusi (2007) holds great promise as a tool for under-

standingthesequenceof someevolutionaryevents

in the history of birds. Unlike molecular-based

hypotheses, Livezey & Zusi (2007) are able to

link their phylogeny to the fossil record by rooting

it in the bird-like characteristics of theTheropoda.

They use 2954 morphological characteristics to

arrange 33 orders of living birds in five largemono-

phyletic groups: Cohort Paleognathae, Subcohort

Galloanserae, Division Natatores, Subdivision

Terrestrornithes, and Subdivision Dendrornithes

(Figure 15.3). The location of aquatic and marine

birds among the basal groups echoes their place-

ment in theearlyattemptbyMaxF€urbringer (1888)

tobaseaphylogenyforbirdsonmeasureddistances

between clusters of characters.

In the Livezey&Zusi (2007) phylogeny, a series

of stepwise changes lead from the ratites in the

basal clades to small forest birds (e.g. Coracii-

formes, Piciformes, Passeriformes) near the

crown. The progress of those changes, from groups

dominated by large birds that are often marine or

aquatic, to groups dominated by very small forest

birds implies the existence of broad evolutionary

trends and responses to adaptive pressures that we

should be able to track through avianhistory. Each

order and family represents a unique interpreta-

tion of those trends in the face of separate envi-

ronmental factors faced by the modern group’s

ancestors. Comparably polarized events are also

implied by the biomolecular phylogeny of

Hackett et al. (2008) that stands in stark contrast

to the opposite arrangement in the Sibley & Ahl-

quist (1990) biomolecular tapestry (Maurer, 1998).

In both the Livezey& Zusi (2007) and the Hackett

et al. (2008) phylogenies, many taxa among

the early clades include marine or aquatic birds

(Figure 15.4), suggesting that there is a general

Fig. 15.3 Avian phylogeny derived

from the analysis of 2954 morpho-

logical characteristics (Livezey &

Zusi, 2006, 2007). The names of

orders that include marine and

aquatic birds are underlined.
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trend from large birds at the base to small birds at

the crown with significant consequences for

the evolution of flight capabilities, reproductive

strategies, and other aspects of avian biology

(Figure 15.3).

Although there are no marine or specifically

aquatic species among either the known fossils of

theropod dinosaurs or among the living Paleog-

nathae, eight orders of specialized marine and

aquatic birds appear near the base of the Neog-

nathae (Livezey & Zusi, 2007). One aquatic order,

Anseriformes (ducks, geese, and related birds), is

placed basally within the Galloanserinae, while

most other marine or aquatic groups appear in the

appositelynamedDivisionNatatores (Figure15.4).

The Charadriiformes (auks, gulls, and shorebirds)

and the Ralliformes (rails) are placed in the more

crownward Terrestrornithes, a transitional taxon

that includes a mix of terrestrial and aquatic

forms. Rather than being anomalies, the Chara-

driiformes and Ralliformes suggest that the

aquatic lifestyle represents a successful strategy,

worthy of imitation through parallel evolution.

The crown group, Dendrornithes contains 14

orders, numerous families, and thousands of spe-

cies of small forest birds. It contains no marine

members but the relatively unspecialized dippers

or ouzels (Cinclidae) are aquatic, wing-propelled

divers (Kingery, 1996).

The extreme dispersal that gives rise to excep-

tional speciation processes (Friesen, 2007) may

complicate both the biomolecular andmorpholog-

ical analyses of seabird phylogeny. Dispersal

aggravates the problems created by the general

scarcity of avian fossils and obscures the identity

of preferred habitats or even likely breeding ranges

for long extinct lineages.

The problem is exacerbated in Mesozoic birds,

such as the flightless Hesperornithiformes (see

O’Connor et al., Chapter 3, this volume), both

by the great age of the fossils and by their tenuous

relationship to living groups (Olson, 1985;

Houde, 1987b; Hope, 2002). In addition, time

has been sufficient for great changes in the shapes

of continents and presumably in the ocean cur-

rents that are so important in determining the

distribution of prey species. Fossil forms from

post-Cretaceous deposits existed in a more famil-

iar geography and are more likely to be related

to extant groups. Some, such as the flightless

mancalline auks and plotopterids (Warheit, 2002;

Mayr, 2005) appear to have bred along the coasts

where their fossilized remains are found. The

giant soaring birds among the Pelagornithidae,

or pseudo-toothed birds, were much more mobile

andmay have shared their behaviourwithmodern

oceanic soaringbirds; their breeding groundscould

have been located almost anywhere on the globe.

Thebiologyof thePelagornithidae poses several

challenges (Stillwell et al., 1997; see Bourdon,

Chapter 8, this volume). In many ways their evo-

lution appears to parallel that ofmuch smaller, but

extant, albatrosses and the two groups may have

shared a similar life style. The distinctive bony

processes that make up the “toothed” jaws in the

Pelagornithididae appear adapted for holding slip-

pery prey such as squid or small fish prey seized

from the surface; albatrosses use a hook at the tip

of the beak for the same purpose. However, most

pelagornithids were very much larger than the

extant albatrosses. They were so large that their

wings appear to contradict aerodynamic theory

about functional limits to the size of soaring

birds (Pennycuick, 1987, 2002, 2008). Their tax-

onomy is also more problematic than most other

recent fossil groups. Traditionally, they have been

placed within the Pelecaniformes as the family

Pelagornithidae (F€urbringer, 1888; McKee, 1985;

Fig. 15.4 Groups of diving birds within the major divi-

sions of the phylogeny from Livezey & Zusi (2007).
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Goedert, 1989; Gonzalez-Barbra, 2002), but many

are represented by only a few fragments (e.g.

Cyphornis, Wetmore, 1928) and may never be

confidently assigned to a living taxon. Recently,

very complete material from North Africa and

Europe suggests that the pseudo-toothed birds

represent a sister lineage, Odontopterigiformes,

to Anseriformes (Bourdon, 2005, Chapter 8, this

volume; Mayr, 2008).

The proposal to place the pelagornithids so deep

among basal phylogenies raises questions about

their breeding strategies. The breeding strategy of

the albatross requires a relatively large egg (i.e.

about 35%of adult bodyweight;Carey et al., 1980)

and extended periods of intense parental care

(Warham, 1996). None of the other basal lineages

(Anseriformes, Gaviiformes, Podicipediformes)

lay large eggs and their parental care is much

less intense than more crownward groups. Breed-

ing season in anseriforms is followed by a flight-

less moult period; albatrosses use a more gradual

process to replace flight feathers with only minor

effects on aerial efficiency.

STRUCTURAL CHARACTERISTICS

Most marine and aquatic birds form a remarkably

cohesive group in terms of their basic body struc-

ture in that they are all relatively large birds with

a superficial resemblance toducks.Theirnecksare

as longas thoseofmostotherbirdsbutoftenappear

shorter because they are folded when the bird is at

rest. Their bodies are densely muscled and some-

whatelongatedwiththehind limbsso farbackthat

walking on land is difficult or impossible. Most

speciescanstanderectbutmanycannotwalkmore

than a few steps and terrestrial locomotion is lim-

itedtoslidingonthebreast.Theskeletonofaquatic

birds is usually robust with large surfaces for the

attachment of powerful flight muscles. Among

diving species and the truly oceanic birds, the

density of the body is increased by limited pneu-

matization of the bones. In addition, the skeletons

donotexhibitanexceptionaldegreeof fusion.Most

groups appear to find theflexibility of independent

bones, connected by extensive developments of

relatively heavy connective tissue, preferable to

the rigidity of ankylosis, even though fusion

reduces overall body weight.

There are some skeletal adaptations unique to

diving species. For instance, the tarsometatarsus

may be laterally compressed and rather bladelike,

supposedly to ease its passage through the water

while the bird is swimming (Storer, 1960). Grebes

carry that compression to an extreme and the

flattened bone may help the lower limb act as a

kind ofwing, facilitating aunique lift-based swim-

ming technique (Johansson&Norberg, 2001).Div-

ing species also have exceptionally elongated

ribs that extend caudally, almost to the cloaca.

The function of such ribs is not clear but theymay

be important in strengthening the abdominalwall,

helping to keep its shape during deep dives. Closer

to the spinal column, the ribs are often supported

by long and well-developed uncinate processes.

The variety of skeletal adaptations in the

Pelecaniformes makes them exceptional among

aquatic and marine groups. In the pelicans and

frigatebirds, the bones are greatly inflated and

highlypneumatized.Asaresult,theyareunusually

large but very thin-walled. This same characteris-

tic appears among the fossil pelagornithids and is

one of the reasons that their fossils are so fragmen-

tary. Unlikemost other seabirds, modern pelicans

show a considerable degree of skeletal fusion. In

particular, the pelvic bones and the synsacrum

extend forward to capture additional vertebrae in

the “lumbar” region, stiffening the lower spinal

column (Figure 15.5). In the pelican’s pectoral gir-

dle, the enlarged and inflated furcula is thoroughly

fused to a relatively small sternum, creating a very

small keel. The pectoral girdle of the frigatebird is

similar (Figure 15.6). The skeletons of the tropic-

birds, gannets, and cormorants are not so special-

ized and are superficially similar to those of other

aquatic birds such as loons or grebes.

The Pelecaniformes are also the only group of

seabirds whose skulls lack one of the characteris-

tic features of marine birds. In all of the other

orders, the skull has a pair of large troughsbetween

the dorsal edges of the orbits and the mid-line. In

life, those troughs house the salt glands, modified

tear glands, that help the birdmaintain its osmotic
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balance by selectively excreting excess salt and

are, therefore, essential for life at sea (Nishimura

& Fan, 2002; Hughes, 2003; Laverty & Skad-

hauge, 2008). In the Pelecaniformes, the salt

glands are housed within the orbits of the eyes

and the roof of the skull is smooth (Figure 15.7).

Fig. 15.5 Pelvic region of the spinal

column in the American white

pelican (Pelecanus erythrorhynchus)

showing the fusion of additional

vertebrae to the anterior portion of

the synsacrum.

Fig. 15.6 Ventral surface of the pectoral girdle in the

magnificent frigatebird showing the very short sternum,

fused furcula, and massive coracoids.

Fig. 15.7 Salt glands are carried within the orbits of

pelecaniform birds (top) but in dorsal troughs in more

typical seabirds such as the sphenisciform (bottom).
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Externally, the Pelecaniformes are different

from other seabirds in having less waterproof

and less dense plumage. Most live in the tropics

or the warm temperate zone but loose plumage

does not prevent cormorants from occupying icy

waters in the North Pacific and North Atlantic

oceans. A downy layer may keep the skin dry and

water trapped by larger feathers iswarmed by body

heat, as it is in human divers using wetsuits.

Cormorant feathers shed water readily and they

are able to take off quickly from a partially sub-

merged position. However, prolonged submersion

maywet the feathers and cormorants are noted for

spending long periods at roosts with their wings

spread for drying.

Wetting of the feathers is one explanation for

the scarcity of reports of swimming by frigate-

birds. However, it is more likely that they are

trying to avoid the gradually accumulated weight

of dried salt.On theGalapagos Islands, tourists are

often taken to see frigatebirds bathing and

swimming in a large freshwater lake on San

Cristobal Island.

Members of the Pelecaniform birds also fail to

develop a brood patch, and incubate their eggs and

brood their youngwith heat from their feet (Siegel-

Causey, 1997). Their eggs may be large (except in

the cormorants) but have rather small yolks and

produce altricial, rather helpless young. Procellar-

iiform and alcid eggs are large and range from 35%

to 41% yolk by volume but pelecaniform eggs

range from 17% to 27% yolk (Jones, 1979; Carey

et al., 1980). Consequently, newly hatched procel-

lariiform and alcid young are generally much

more developed than pelecaniform hatchlings

and some alcid young are genuinely precocious

(Gaston, 2004).

One widespread skeletal feature, that histori-

cally has had little value in taxonomy

(Gadow, 1933), distinguishes members of the

Neoaves from both the Paleognathae and the

ancestors of birds among theropod dinosaurs (Kai-

ser, 2007). Thoracic hypapophyses aremost prom-

inent in diving birds, first appear among the

Anseriformes and later in the Natatores and to

varying degrees in diving birds among the Terres-

trornithes. They are absent in theGalliformes and

many soaring birds but their presence in small

raptors, swifts, and other aerobatic birds in the

Dendrornithes suggests that they play a role in

vigorous flapping flight. Typically, hypapophyses

are small in terrestrial birds but unusually

long examples that occur in the mousebird

(Coliiformes) are an exception. In those birds,

the hypapophses may support the internal organs

when the birds hang upside down or roost in dense

communal masses.

Hypapophyses develop as laterally compressed

ventral processes of thoracic vertebrae that extend

into the body cavity, separating the lungs. Larger

examples may flare laterally (loons) (Figure 15.8).

In falcons (Falconidae) and some other birds,

they may extend forward and backward to fuse

with adjacenthypapophyses, creating a supporting

strut along a fused section of vertebrae

(Figure 15.9). Usually they are present only on

anterior thoracic vertebrae but in cormorants

they appear on vertebrae fused to the synsacrum.

Typically, themost anterior hypapohysis serves as

a point of attachment for the ancinus longusmus-

cle of the neck where its elongated structure may

be useful to birds that dart their heads forward to

catch prey (Gadow, 1933). In the Cassin’s auklet

(Ptychoramphus aleuticus), and other auks, a lig-

ament anchors the tips of most posterior hypapo-

physis to vertebrae in the synsacrum, limiting

dorso-ventral bending of the lower spinal column

(Figure 15.10).

Among marine and aquatic birds, the develop-

ment of thoracic hypapophyses varies both

between groups and within groups. Among the

petrels, the largest and most elaborate hypapo-

physesoccurinthediving-petrels(Pelecanoididae),

smaller ones in diving shearwaters (Puffinus sp.),

but there are none at all in albatrosses. Among

pelecaniform birds, hypapophyses are typically

small or absent. Among Charadriiformes, they

are particularly large and elaborate in auks but

small or absent in gulls, terns, and other nondiving

charadriiforms.

One characteristic that is supposed to distin-

guish birds from their ancestors among the dino-

saurs is the presence of a plow-shaped pygostyle.

It carries the large fleshy bulb to which the tail
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feathers are attached and plays a key role in the

controlledmovement of those feathers. Flightless-

ness appears to have been accompanied by the loss

of a well-formed pygostyle among the living

paleognaths (including Tinamiformes) but it is

usually a distinctive feature in neornithine

birds. The Podicipediformes are an exception.

Their tails have undergone extreme reduction;

Fig. 15.8 Independent thoracic vertebrae with very large hypapophyses in the common loon (Gavia immer).

Fig. 15.9 Fused series of thoracic

vertebrae with simple hypapo-

physes in the western grebe

(Aechmophorus occidentalis) and

hypapophyses with fused tips in

the double-banded sandgrouse

(Pterocles bicinctus).
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the tail rectrices are essentially indistinguishable

from adjacent contour feathers and the pygostyle

is a featureless nub at the endof the spinal column.

The shape of the tailbones, particularly the

pygostyle, varies among other groups of marine

and aquatic birds. In species that generate aerial

speed (anseriforms, gaviiforms, podicipediforms,

andmany charadriiforms) or great aerial efficiency

(procellariiforms) the tail fan and its supporting

skeleton are greatly reduced. Among these

birds, the tail’s most important flight function

may be service as a splitter-plate (Maybury &

Rayner, 2001). A splitter-plate helps to maintain

the laminar flow of air around the body and

reduces energy expenditure by reducing turbu-

lence and delaying the detachment of vortices.

In more aerobatic species such as frigatebirds or

storm-petrels (Hydrobatidae), the tails play an

important role in maneuver. The feathers are

long and the pygostyle and its neighboring bones

are large.

THE AQUATIC HABIT

Life on thewater offersmany advantages to birds –

providing that they can keep warm and stay dry.

Aquatic ecosystems are exceptionally complex

and contain a wide variety of foraging opportu-

nities for those birds that can reach them. Floating

is less costly in terms of energy expenditure than

standing and water creates a defensive moat that

keeps purely terrestrial predators at a distance,

isolating nests and young, and offering a fairly

safe place to sleep. For species that can dive

beneath the surface, water may even provide

a temporary hiding place from aerial predators.

Open stretches of water are typically subject to

stronger winds than occur over land, making it

much easier for birds to achieve sufficient ground

speedforatake-offandwhentheflightisover,water

offers a soft landing, especially for young birds just

learning to fly. When birds need to replace worn

feathers, some water birds drop all of their flight

feathers at once yet are still able to find sufficient

food. With such advantages, it is not surprising

that so many different lineages include water

birds. Not all water bodies are equally hospitable,

but although the high seas can be particularly

hostile, a great many birds earn a living on them.

The term “seabird” is used to describe the

specialized subgroup of aquatic birds that live

on the oceans and derive their livelihood from

them. In spite of their amazing diversity and

long reign as the dominant form of life on the

planet, dinosaurs remained entirely terrestrial

and never made a home in the oceans. Perhaps

they were unable to displace their contemporaries

Fig. 15.10 Central thoracic region in the Cassin’s auklet (Ptychorhamphus aleuticus) showing the ligament

connecting the anterior hypapophyses to the ventral spinal process of the synsacrum (Kaiser, 2007).
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among the giant marine reptiles of the Mesozoic.

Nonetheless avian descendants of the Theropoda

learned to exploit oceanic habitats, and continue

to do so with truly spectacular success.

Mostmammals find it difficult to copewith the

hostile conditions of marine habitats, even along

the shore. The ability of seabirds to breed and raise

young in the face of fierce oceanic storms at iso-

lated and dangerous locations left early ornithol-

ogists facingmiserable working conditions. A few

of those naturalists were intrepid adventurers

who seem to have enjoyed the adventure of their

hardships, but others transferred personal feelings

about working conditions to their subjects and

portrayed seabirds as ornithological outcasts,

clinging grimly to life on the edges of the world

(e.g. Bent, 1946). It has only been since improve-

ments in transportation and communication

made ornithologists relatively comfortable on

even the most remote nesting areas that we

have come to view seabirds as profoundly well

adapted and successful organisms that thrive on

a rich array of resources (Ricklefs, 1990).

The success of seabirds has depended on their

ability to overcome the series of challenges posed

by excess salt, low temperatures, and prey hidden

in vast areas of trackless habitat (Warham, 1996;

Gaston, 2004). Specialized tear glands excrete salt

allowing seabirds to maintain their osmotic bal-

ance (Hughes, 2003; Laverty & Skadhauge, 2008).

Dense waterproof plumage insulates them from

the cold andmakes it possible for many species to

nest at high latitudes and exploit the unusually

rich polar seas. Flight is usually the key to finding

scattered patches of prey. Seabirds that specialize

in aerial performance often feed on the surface but

many others are able to dive and pursue prey deep

into the ocean (Warham, 1996; Gaston, 2004).

Someparts of the sea are so rich that evenflightless

species and those that go through a flightless molt

period can make a successful living.

BEHAVIORAL DISTINCTIONS

The term “aquatic bird” can be applied to any

species that lives in or on water but “seabird”

refers specifically to those birds that spend a sig-

nificant part of their lives in saltwater habitats.

The term is notmeant to describe a natural cluster

of related groupsbut includes representatives from

seven discrete orders. Among the aquatic birds,

only the Heliornithidae and Fulicidae (order Ral-

liformes) are strictly aquatic but the other orders

are not necessarily uniformly marine in their

habits. The intensity of the commitment to

marine habitats varies even among families, but

for convenience, seabirds can be divided into three

functional groups depending on how completely

they are committed to life at sea.

1 Marginal or temporary seabirds live on or near

the seashore. Marginal seabirds include many

Charadriiformes such as the Laridae (gulls and

terns; Creagrus, Anous, and Proscelsterna

are genuinely pelagic), nine families of wading

birds such as Scolopacidae (sandpipers) and

Charadriidae (plovers). Temporary seabirds

may spend much of their lives on saltwater

but typically return to freshwater to breed and

raise their young in an environment with fewer

physiological challenges.All of theGaviiformes

(loons), some Podicipediformes (grebes), some

Charadriiformes, such as Phalaropidae (phala-

ropes), and some Anseriformes, such as the

Mergini (sea ducks), fall into this category

(Johnsgard, 1987);

2 Coastal seabirds are more or less restricted to

nearshore waters and shallow seas over the

continental shelf. Most of the Pelecaniformes

(pelicans, cormorants, frigatebirds, tropicbirds,

and gannets) can be included in this group, but

many pelicans and cormorants, and all of the

anhingas live only in freshwater habitats (Car-

boneras, 1992; Elliott, 1992; Orta, 1992a,b)

while the frigatebirds are more oceanic and

wander far out to sea. The marine forms in

this category may spend their whole lives on

saltwater but typically return to nocturnal

roosts on land and never wander too far from

sources of freshwater;

3 Oceanic seabirds, such as Sphenisciformes (pen-

guins), Alcidae (auks: Charadriiformes), and

Procellariiformes (petrels) are fully adapted to

life on the high seas and may spend much of
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their lives far from shore, especially outside

of the breeding season (Warham, 1996; Gas-

ton, 2004). The Order Procellariiformes is the

most structurally and behaviorally diverse

taxon among the truly oceanic birds. It is also

the most globally distributed group of birds

(Figure 15.11) and includes diving-petrels,

storm-petrels, gadfly petrels (Pterodroma sp.),

prions (Pachyptila sp.), shearwaters, fulmars

(Fulmarus sp.), and albatrosses (Diomedea

sp.). Penguins are less diverse in appearance

and all can be described as massive, flightless

birds, more at home in the water than on land

(see Ksepka & Ando, Chapter 6, this volume).

Penguins are typical of the south polar seas but

a few species range as far north as the Equator.

The centre of diversity for the petrels is in the

Southern Hemisphere but many storm-petrels

and fulmars breed in the Northern Hemisphere

where their ranges overlap areas occupied by

auks (Figure 15.11). The Alcidae are restricted

to north temperate and Arctic seas but look

somewhat like small penguins. Like penguins,

theyuse theirwings forunderwater locomotion.

The extinct great auk (Pinguinus impennis) and

some seemingly ancestral forms (e.g. Mancalli-

nae) were flightless (Olson & Hasegawa, 1979)

but all extant species of auk can fly.

LOCOMOTION AND FORAGING

Diving

The strongest influence on the overall design of

the skeleton in marine and aquatic birds is the

bird’s method of collecting food, especially if it

requires locomotion underwater. Moving through

amediumas dense aswater requires largemuscles

and the support of a robust skeleton.

Foot-propelled divers have an elongated body

reflecting the in-line position of two large muscle

masses, one for thewings and aerial flight, and one

for the hind limbs and underwater locomotion.

The leg action of swimming birds is similar to that

of walking in terrestrial birds. It is hardly surpris-

ing then the pelvic bones of birds that can achieve

great speed underwater, such as loons, grebes, and

cormorants, have hips that are somewhat remi-

niscent of those found in running ratites (and

Fig. 15.11 Global occurrenceof Procellariiformes andAlcidae. Breeding areas are shown in darker tones.Occasionally,

members of the Procellariiformes may wander into an uncolored area but it is not a regular part of their habitat. The

largefigure eight, in thePacificOcean, indicates the approximate trackof the annualmigrationby the sooty shearwater

(Puffinus griseus). [This figure appears in color as Plate 15.11].
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theropod dinosaurs). The hind limbs are mounted

near the anterior end of greatly elongated pelvic

bones that extend back towards the tail

(Figure 15.12).

In Ratites and the great majority of swimming

birds, the movement of the legs is through the

saggital plane. In such animals, running or rapid

swimmingwould seem to pose a risk to eggs being

carried in the abdomen and may be one of the

factors limiting egg size in such birds (Dyke &

Kaiser, 2010). A different posture may allow loons

and grebes to carry larger eggs safely while achiev-

ing high speeds. In the water, loons and grebes

splay their legs to the side, swimmingwith strokes

closer to the saggital plane (Johansson & Nor-

berg, 2001; Hertel & Campbell, 2007). Interest-

ingly, the strokes are synchronized and not

alternating as in other swimming birds.

Wing-propelled divers can make do with much

smaller pelvic muscles than foot-propelled

divers and a concentration of flight muscles on

the thorax gives them a rotund profile. Auks and

diving-petrels are dependent on their wings for

most of their locomotion and rarely walk. On

land, they prefer to slide on their bellies, pushed

along by their rather small legs. Thehind limbs are

not as fragile as they look and in many species

they are used to excavate extensive nesting bur-

rows. Because both aerial and underwater locomo-

tion is achieved by using the wings, there is no

risk of interference with unlaid eggs, and the eggs

of auks can be exceptionally large (Gaston &

Jones, 1998).

Penguins have retained an elongated shape

because they are both flightless, wing-propelled

divers and pedestrians (see Ksepka & Ando,

Chapter 6, this volume). They need exceptionally

muscular hind limbs for walking, jumping, and

scrambling over uneven surfaces. Penguin legs

only look short because they are kept beneath

the abdominal skin with the knees alongside

the belly. For their body size, penguins do not

lay exceptionally large eggs. The penguin-like

great auk also laid amodest egg compared to flying

auks (Gaston & Jones, 1998).

Foot-propelled diving is likely the most primi-

tive method of underwater locomotion and is

presumably a direct extension of terrestrial loco-

motion. The Mesozoic giant, Hesperornis was

a foot-propelled diver but there are no known

users of underwater wing-propulsion from the

Mesozoic. Foot-propulsion appears in all of the

basal groups such as the diving-ducks, loons,

and grebes, butmany of themodern foot-propelled

divers have been reliably reported as using their

wings for additional thrust. All modern phyloge-

nies imply that wing-propelled diving evolved

independently as the main form of underwater

Fig. 15.12 The narrow pelvic skeleton of a common loon (Gavia immer) is typical of other foot-propelled diving birds

such as grebes and cormorants.
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propulsion in at least four and perhaps five

lineages, depending on the nature of the relation-

ship between Sphenisciformes and Procellarii-

formes. Both of those orders contain only wing-

propelled divers (although shearwaters use all

four limbs; Warham, 1996) and these groups

may have shared a common ancestor with similar

capabilities. Wing-propulsion is also used by gan-

nets (Carboneras, 1992), tropicbirds (Brewer &

Hertel, 2007), and perhaps to a limited extent by

cormorants. Wing propulsion is the only form of

underwater locomotionusedby auks and, in emer-

gencies, by other charadriiformbirds such as gulls,

sandpipers, and plovers.

The dipper in the family Cinclidae (Passeri-

formes) is the only aquatic bird to lack webbed

or fringed toes and must use its wings to reach

the bottom of shallow streams. Once submerged,

it clings to the substrate with sharp claws and

forages for bottom-dwelling organisms not unlike

its relatives on dry land (Kingery, 1996). It is

perhaps the least specialized of all aquatic birds.

Wing-propelled divers typically have an elon-

gated and strengthened humerus that is reflected

in high values for the brachial index (ratio of

humerus length to ulna length or BI). The dipper

has a BI of 0.9, typical of its near relatives, but it

may not need a particularly robust humerus

because it makes only shallow dives and does

not use its wings for extended pursuit of its prey

(Kingery, 1996). Among more typical wing-pro-

pelled divers the BI is much higher, ranging in

living auks from 1.2 to 1.6, in diving-petrels from

1.2 to 1.3, and in penguins from 1.2 to 1.5. Among

flightless auks, the BI ranges to 2.5 in the fossil

Mancallidae and to1.9 in the recently extinct great

auk. Shearwaters appear to bemore specialized for

soaring than diving but they can reach depths of

70m (Weimerskirch & Sagar, 1996) and have a BI

between 1.0 and 1.1 while their nondiving rela-

tives have a BI between 0.9 and 1.0. In rails,

unexpectedly high values of BI, about 1.25, in

both foot-propelled divers such as coots (Fulica

sp.) and nondiving species (Porzana sp.), may be

more related to wing shape and rather galliform-

like flight than to diving technique (Figure 15.13).

Pelecaniformbirds either collect their prey from

the surface or make spectacular plunges into the

sea (Brewer & Hertel, 2007). Their values of BI are

not exceptional, suggesting that aerial flight has

been the most important influence on their wing

structure. Frigatebirds are strictly surface feeders

and never alight on thewater, let alone plunge into

it, suggesting that the unusually fusion of their

furcula and sternum is entirely related to aerial

flight. Their BI of 0.8 is lower than other pelecani-

forms but comparable to that of other highly

maneuverable birds (Rayner & Dyke, 2002). Peli-

cans are broad-winged soaring birds that also have

the furcula fused to the sternum as in the frigate-

bird, but are not nearly so aerobatic. Their BI is

close to 0.9. In boobies, cormorants, and tropic-

birds, that occasionally use their wings for under-

water propulsion, the BI ranges from 0.9 to 1.0.

Only the gannets, which regularly use their wings

underwater, have a BI between 1.1 and 1.2.
Fig. 15.13 Approximate lengths of the skeletal elements

in the wings of various birds.
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Important changes in the shape of the humerus

are very rare in birds and represent a commitment

to very specific locomotory techniques, as in

the thick, stubby humerus of hummingbirds (Tro-

chilidae) whose flight depends on very rapid wing

beats. The humerus is also modified in the truly

specialized wing-propelled divers, such as pen-

guins, diving-petrels, and auks but it is not simply

elongated. It is widened and slightly arched, pre-

sumable to increase its ability to cope with the

stresses of wing-driven propulsion underwater

(Figure 15.14). Comparable adaptations occur in

the extinct plotopterids and mancallid auks

(Olson & Hasegawa, 1979). Because the same

structural adaptations are found in several unre-

lated lineages, it seems likely that there are lim-

ited opportunities, within the design constraints

of the avian wing, to overcome the biomechanical

challenges imposed by this form of locomotion.

Aerial flight

Aerial locomotionhas also hadprofoundeffects on

the functional biology ofmarine and aquatic birds,

especially those that live on the high seas. The

adaptive advantages of flight efficiency and great

range are obvious for species that live in an envi-

ronment whose resources are as patchily and as

sparsely distributed as those of the open ocean.

Exceptionally efficient flight has appeared in

a variety of forms among several families, includ-

ing the Procellariiformes, the Pelecaniformes,

the Charadriiformes, and the Pelagornithes of

the early Eocene (Stillwell et al., 1996; see Bour-

don, Chapter 8, this volume). The advantages of

speed to birds that live at sea are more difficult to

appreciate but speed is important for such tempo-

rary seabirds as ducks, loons, and grebes, and

extreme speeds have become the definitive char-

acteristic of the Alcidae (Table 15.1; Kaiser, 2007).

Through much of the 20th century, air speed

and its related energy consumption were difficult

to measure and the ability of seabirds to maintain

such a sustained effort baffled ornithologists. At

the same time, the misleading simplicity of the

auks’ aerial performances frequently led to their

capabilities being derided or dismissed as an evo-

lutionary waypoint to flightlessness (Bent, 1946;

Storer, 1960). The full appreciation of the effect

of speed on avian ecology needed to wait for the

application of more sophisticated technology

(Elliott et al., 2004) and, more importantly, the

development of testable theories of avian flight

(Rayner, 1988, 1993; Pennycuick, 2008).

Recent radar observations of flight speeds

have revealed that few birds travel at the values

predicted by mathematical models; large birds

tend to fly close to speeds requiring maximum

Fig. 15.14 Ventral (bottom) and

posterior (top) views of the

humerus of the great auk

(Pinguinus impennis), a large and

flightless auk that, like all its

smaller relatives, used wing

propulsion underwater.
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power while small birds show greater variety,

often traveling at speeds that offer maximum

range (Bruderer & Boldt, 2001; Alerstam

et al., 2007). Bruderer & Boldt (2001) attributed

this phenomenon to evolutionary forces counter-

acting speeds at both ends of the scale. Small birds,

with low wing loading, avoid slow speeds that

would be adversely affected by wind, while large

birds, with high wing loading, avoid speeds

high enough to interfere with maneuverability

or control. Alerstam et al. (2007) took a different

approach, concluding that wing loading accounts

for about 50%of the variation inflight speedwhile

phylogeny accounted for another 35%, possibly

throughdifferences inflightmode. In effect behav-

ioral adaptations for flight appear to override sim-

plistic interpretations of flight energetics.

In both of the above studies, the focuswas on air

speeds achieved by land birds during migration.

Only a few water birds were included and neither

project examined the flight of oceanic birds. In

a sample from British Columbia of marine and

aquatic birds that use continuous flapping flight

(Table 15.1), the average speed of the auks is more

than 10kh�1 faster than that of the ducks, loons,

and grebes even though their wing loading is

lower. Such a large discrepancy suggests that the

extra effort is of significant advantage to an auk. It

may reflect the auk’s need to have as long a for-

aging period as possible at several feeding areas in

spite of a long commute to its nest, however,

that does not explain the continued use of high

speeds outside the breeding season (Table 15.1).

Perhaps those speeds reflect the urgency of trips

between localized foraging opportunities at rapids

and other short-term current systems, created by

tide cycles.

Among the auks, none flies faster than the

marbled murrelet (Brachyramphus marmoratus),

a 200-g resident of the North Pacific that often

Table 15.1 Flight speeds ofmarinebirds fromthe coast of BritishColumbia.Most observationswere recorded inMayor
Junewhile birdswere commutingbetween foragingareas andnests.Mostwerewithin10mof the sea surface andwinds
were calm. Where samples are adequate, values are shown �1 SD.

Species Flight speed (m s�1)
Sample
size (n)

Wing loading
(Nm�2)

Egg to body
ratio (%)

Barrows goldeneye (Bucephala clangula)� 18.9 1 9.3
Common goldeneye (B. clangula)� 16.4 1 150.7 7.1
Harlequin duck (Histrionicus histrionicus)� 18.1� 4.2 12 8.5
Common merganser (Mergus merganser)� 16.4 6 217.7 6.7

19.4� 3.9 11
Common loon (Gavia immer) 18.3y 3 195.2 5.8

21.1� 1.9� 22
Red-throated loon (G. stellata)� 17.8� 3.6 11 169.1 6.5
Pacific loon (G. pacifica)� 19.2� 4.2 13 5.3
Red-necked grebe (Podiceps grisegena)z 10.8� 0.8 64 128.1 3.2
Common murre (Uria lomvia)� 19.7� 2.8 20 175.9 11.1
Pigeon guillemot (Cepphus columba)� 18.9� 3.1 16 100.2 11.8
Rhinoceros auklet (Cerorhinca monocerata)� 17.8� 1.9 9 127.6 14.6
Marbled murrelet (Brachyramphus marmoratus) 23.6� 3.3 100 134.3 16.3
Pre-laying� 22.5� 3.6 1435
Incubation� 21.1� 4.2 1435
Nestling care� 21.4� 3.9 30
Early winterx
Arrivingy 18.3 424
Departingy 29.2 487

Sources for flight speed: �Elliott & Kaiser (2009), y Burger (2001), z Blake & Chan (2006), x Elliott et al. (2004).
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nests 70km inland and at elevations over 1000m.

Among birds restricted to flapping flight, themar-

bledmurrelet lays the largest egg for its size (38.5 g;

Zimmerman & Hipfner, 2007) and has an egg to

body ratio of 16.3% (Table 15.1).Air speeds and egg

to body values for other marine and aquatic taxa

in the same habitats are much lower. After the

murrelet egg hatches, each parent makes daily

trips of up to 100km carrying fish betweenmarine

foraging areas and the nest (Hull et al., 2001; Kai-

ser, 2007). They are capable of making those trips

at speeds of up to 181kmh�1 (Elliott et al., 2004) in

spite of small wings (wing loading 135Nm�2,

aspect ratio 10.6).

The key to the murrelet’s success in applying

speed to the challenges of its lifestylemay lie in the

abundance and richness of its preferred prey. In

British Columbia, it often feeds on the Pacific

sand lance (Ammodytes hexapterus) whose caloric

density (5000cal g�1) (Vermeer & Devito, 1986) is

close to that of butter. It also feeds on herring,

anchovies, and other oily, schooling fish. Such

a diet allows the murrelet to devote a huge

proportion of its daily energy budget to flight,

expending most of that allocation on thrust. As a

consequence, the additional energetic costs of gen-

erating sufficient lift to carry heavy eggs or fish, or

to fly uphill remain relatively small (Kaiser, 2007).

Applicationsofaerial speed to life-historyphenom-

enamaybe a logical consequence of dependence on

such energetically expensive fight.

Somewhat surprisingly, none of the flighted

members of the basal clades are tentative fliers

with weak abilities. Even the Tinamiformes

(Palaeognathae) and Galliformes (Galloanserinae)

that are essentially pedestrian animals depend on

vigorous flapping to escape predators. The take-off

of the tinamous is not nearly as explosive as that

of the Galliformes (Stegmann, 1978) but both

groups use a burst of energy to get airborne and

glide with a few additional flaps to a landing site.

None of the other living paleognaths are flighted

butmembers of the sister clade to theGalliformes,

theAnseriformes, are as adept at the use ofmuscle

power for sustained flight as members of any

crown clade and include many birds capable of

long-distance migrations.

The flight of the Anseriformes is similar to

that of their neighbors in theNatatores, theGavii-

formes, and the Podicipediformes. The members

of these groups are heavily muscled water birds

that forage underwater and have robust skeletons.

As in the auks discussed above, they employ

rapid, energetically expensive beats of relatively

small wings to achieve high speeds. Wing strokes

in cruising flight are surprisingly shallow. Body

weight is an important aerodynamic factor in

achieving their flight speed (Rayner, 1988; Ten-

nekes, 1998; Pennycuick, 2008) and it also allows

them to carry sufficient fuel in the form of body

fat to carry that body on transcontinental migra-

tions. Although such body shapes and flight styles

seems to leave these birds dependent on abundant,

energy-rich foods, it is part of a very successful life-

strategy found in several other lineages within the

Natatores and the Terrestrornithes: boobies, gan-

nets, diving-petrels, as well as auks. Even the

entirely flightless penguins might be considered

an extreme example of this same strategy.

Within the Natatores and the Terrestrornithes

there are also groups that have developed special-

ized flight styles based on energy-saving techni-

ques that allow themto search for food across great

distances. Large, terrestrial species, with long,

wide wings (e.g. many storks, cranes, pelicans,

and anhingas) use thermal soaring that exploits

updrafts generatedwhen solar energyheats the air.

Many of these birds also exploit updrafts created

by interactions between thewind and topography.

Overwater, useful updrafts are usually not as large

but frigatebirds have such low wing loading that

they are able to exploit them. Another group of

marine birds, the Procellariiformes is not depen-

dent on updrafts for soaring and appears to have

developed the most efficient flight of all. The

albatrosses in particular use finely tuned move-

ments of their long narrow wings to exploit air

movement over oceanic waves and are able to

fly across vast distances with minimal effort

(Pennycuick, 2002, 2008).

Shearwaters andmost of the pelecaniform birds

take their prey underwater while the frigatebirds

andalbatrosses specialize in surface items.Among

the relatives of these large marine birds are
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a handful of much smaller species (storm-petrels,

terns, and phalaropes) that have developed special-

ized flight styles and foraging techniques associ-

ated with feeding from the water’s surface.

Other new flight styles appear as one moves

crownward in the Livezey & Zusi (2007) phylog-

eny, into the entirely terrestrial andmore arboreal

Dendrornithes. More birds tend to have smaller

sizes, lowerwing loading, and shorter,widerwings

(lower aspect ratios). In terms of flight perfor-

mance, those changes imply decreases in speed,

range, and efficiency with a resulting tendency

away from aquatic or marine habitats in favor of

three-dimensional, terrestrial, and forested habi-

tats in which patches of food and other resources

are more densely clustered but are both vertically

andhorizontally distributed.Mostmembers of the

crownclades canbe described as small forest birds.

Their flight is very different from that of marine

and aquatic birds, exhibiting an exceptional degree

of maneuverability and aerobatics that are useful

in the complex environment of a forest canopy.

Pronation and wing flexion appear to play a

much larger role in the flight of the crown clades

than in the basal groups. Even giants in this group,

such as the Great Hornbill (Buceros bicornis),

have wings that are highly flexible in two direc-

tions (Kemp, 2001). They are capable of pronating

to the point where the tips touch and they can curl

their wings inwards, to form a tube around the

body during the recovery stroke. By increasing the

area of the lifting surface, pronation facilitates

rapid vertical take-offs and gentle vertical land-

ings. The value of rolling thewing around the body

is not so clear but perhaps the wing experiences

less drag when the feathers are drawn through the

air than when a stiff, oar-like structure is pushed

through it. Aquatic and marine birds use some

pronation but few are capable of a standing take-

off. Species with high wing loading, such as loons,

depend on rapid wing beats and a long taxiing run

for take-off, while soaring birds, such as alba-

trosses depend on the ability of their long, stiff

wings to exploit passing breezes.

Generally, marine and aquatic birds are known

for flying in long straight lines or sweeping curves;

few are capable of aerobatics. Their aerial maneu-

verability may be limited by their tail, which is

usually too short to serve either as an effective

rudder or for auxiliary lifting. When these birds

need to prevent a stall andmaintain aerial stability

at low speeds, they deploy their webbed feet that

usually offer a larger surface area than the tail

feathers. During cruising flight, the short tail

may be most useful as a splitter plate, helping to

extend the laminar flow of air passing over and

under the body and reducing the amount of

drag from turbulence (Maybury & Rayner, 2001).

Highly coordinated and controlled aerobatics are

used by such long-tailed species as the frigatebird

and storm-petrel. Their abilities imply that any

neural connections required for such flight

evolved early in avian history andwere eventually

coordinated with wing movement (Maynard-

Smith, 1952). Perhaps the movements of aerial

control, seen in aerobatic species, originated in

the simple comfort movements and stretches that

birds need to preen all parts of the body.

For most of the marine and aquatic birds that

fly on stiff, narrow wings, there are advantages to

having a relatively long humerus (and high values

of BI). A longer humerus, associated with a suite

of functional adaptations in the wing and shoul-

der, helps to reduce wing inertia (Rayner &

Dyke, 2002). Consequently we find many values

of BI> 1.0 in Livezey & Zusi’s (2007) Natatores,

with values of BI commonly exceeding 1.1 in

diving birds. Not surprisingly the values reach

extremes in wing-propelled divers that “fly” in a

much denser medium: diving-petrels 1.23, auks

1.32, and penguins 1.36 (Nudds et al., 2004)

(Figure 15.15).

Wing flexibility is closely related to the value of

the brachial index (Rayner & Dyke, 2002; Nudds

et al., 2004). A short humerus lies subparallel to

the axis of the body and increases the length of the

arc traced by the wing tip during elevation

and depression of the wing. In most forest birds

of the Dendrornithes, the BI is < 1.0, reaching an

extreme in the swifts (e.g.Apus apus 0.48). The BI

is also exceptionally low in the highly aerobatic

frigatebird (Fregata minor 0.76). The frigatebird is

so lightly built that, in spite of extremely narrow

wings, it attains a wing loading of only 40Nm�2,
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comparable to that of the broader winged, terres-

trial soaring birds such as the turkey vulture

(Cathartes aura).

Recent additions to the fossil record suggest

that the sustained energetic expenditure associ-

ated with the vigorous flapping flight may

have arisen early among the ornithurine birds.

Five specimens of a small aquatic bird, Gansus,

from Lower Cretaceous deposits in China offer

evidence that aquatic birds have an exceptionally

long history (You et al., 2006). The head ofGansus

is missing so that little can be determined of its

food habits but large webbed feet and the presence

of hypapophyses on the thoracic vertebrae support

the idea that this bird foraged underwater. Its

rather modern-looking wings suggest that it was

capable of the sustained flight needed to move

between water bodies. Gansus had no external

digits interrupting the outline of the wing, its

shoulder is much like that of a modern bird, and

the sternal keel is large and robust (You

et al., 2006). Two of the specimens include both

humerus andulna to giveBI values of 0.92 and0.98

(supplementary data to You et al., 2006). Such

values would be low for a wing-propelled diver

but are within the range of modern foot-propelled

diving birds (Nudds et al., 2004).

CONCLUSIONS

Except for the Anseriformes, represented byVega-

vis (Clarke et al., 2005) and the presbyornithid

Teviornis (Kurochkin et al., 2002; Dyke & van

Tuinen, 2004), there are no uncontroversial fossils

for the living groups of marine or aquatic birds

dating back to theMesozoic and early stages in the

evolution of these groups. However, livingmarine

and aquatic birds share a suite of general charac-

teristics that should help us recognize such

fossils if or when they are found. Some of these

are the same characteristics that distinguish

their lineages from those of the crown clades in

the morphology-based phylogeny of Livezey &

Zusi (2007).

Our ability to conceiveof avariety of trends that

range in a rational way across the phylogeny of

Livezey & Zusi (2007) implies some biological

basis for the evolutionary story implicit in that

phylogeny but such trends are merely argument

and not proof. The morphological characters are

linked to specialized functional adaptations that

they support and many of the trends cannot be

tracked across independently constructed biomo-

lecular phylogenies. Unfortunately, where a trend

has been clear, as in the case of theweight increase

across the Sibley & Ahlquist (1990) tapestry

(Maurer, 1998), the phylogeny has been weak

(Houde, 1987a; Sarich et al., 1989; Lanyon, 1992;

Harshman 1994). Where the biomolecular analy-

ses have been strong, as in the recent work of

Hackett et al. (2008), relationships to morpholog-

ical or behavioral characteristics remain obscure.

In spite of the seemingly indefatigable logic

behind modern biomolecular analyses, there may

not be great cause for concern that biomolecular

phylogenies often show only general agreement

with the morphology-based variety. Generally,

the biomolecular analyses identify the same fam-

ilies and orders that have been a familiar part of

Fig. 15.15 Brachial Indices: relative bone lengths

in the forelimb of various orders of birds (Nudds

et al. 2004; Nudds, 2007).
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avian taxonomy for more than a century but the

approach seems to struggle with the resolution of

events in deep time. The millions of years that

have passed since modern birds appeared in the

Early Cretaceous offers a great opportunity for

significant segments of the genetic record to

have disappeared without a trace and for sections

to have become a palimpsest, overwritten repeat-

edly by similar or recurring molecular events.

Biomolecular chemistry is a relativelynewscience

dependent on observations mediated by special-

ized technology and sophisticated mathematics.

We should not be too surprised that the evolution-

ary history we perceive through studies of DNA

proves as difficult to interpret and as contradictory

as that from our glimpse of the fragmentary and

sparse fossil record.
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“. . . current and predicted environmental per-

turbations form a double-edged sword that will

slice into both the legacy and future of

evolution.” Myers and Knoll, 2001

The future of avian diversity hangs in the balance

as continued and escalating human activity

impacts on populations, species, and ecosystems

on a global scale. Extinctions have been documen-

ted for 134 bird species since the year 1500 (Bird-

Life International, 2008), while a further four

species persist only in captivity.At least 15 species

regarded as Critically Endangered are, in all like-

lihood, extinct (Butchart et al., 2006a), bringing

the total known probable extinctions in the past

500 years to 153 (BirdLife International, 2008).

Many of these, as well as many prehistoric extinc-

tions, were driven by human activities (Chatter-

jee, 1997). At ca. 31 species per million per years,

the recent rate of extinction far outstrips the esti-

mated one species permillion per year background

rate in the fossil record (Pimm et al., 1995; Pimm

et al., 2006). Yet, the rate of known extinctions is a

substantial underestimate of the true rate due

largely to the increases in the numbers of

described species, particularly during the 19th

century (Pimm et al., 2006). Despite conservation

efforts that have rescued 15 species from the brink

of extinction since the late 20th century (Butchart

et al., 2006b), the rate of extinction is expected to

increase in the coming decades and by the end of

the 21st century could rise to 1500 species per

million per year as human activities drive rapid

climate change, continued habitat loss, and

increases in the number and abundance of inva-

sive species (Pimm et al., 2006; Ehrlich & Pringle,

2008).

The loss of species, along with an even larger

proportional loss of populations (Hughes et al.,

1997), increased invasions by alien species, biotic

mixing or homogenization, and reduction or loss

ofmajor biomes, have been described as first-order

effects of future changes to biodiversity (Myers,

1985, 1996; Myers & Knoll, 2001). Myers (1985)

was among the first to draw attention to themuch

wider impacts of species loss on the ecological and

evolutionary processes that operate within com-

munities and ecosystems. Potential effects on

process include the disruption of gene-flow due

to the fragmentation of species ranges, reductions

in genetic diversity due to population declines,

and the disruption of ecosystem interactions due

to biotic interchanges (Myers & Knoll, 2001).

Alarmingly, many of these expected impacts of

biodiversity loss will be mirrored and often exac-

erbated by the effects of climate change (Walther

et al., 2002; Parmesan, 2006; Brook et al., 2008).

For example, just as local extinction can result in

the loss of functional groups (Şekercio�glu

et al., 2004; Şekercio�glu, 2006b) and breakdown

of interactions within communities (Petchey

et al., 2008), climate change can cause amismatch
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between the phenologies of predator and prey (e.g.

Both et al., 2009) or drive species turnover and

community reassembly due to range shifts (Schae-

fer et al., 2008). At the same time, reduced genetic

diversity or constraints on phenotypic plasticity

may inhibit species’ responses to climate change

(Visser, 2008).

In this chapter I review our current understand-

ing of the threats to and drivers of recent and

projected avian extinctions, and discuss how dif-

ferential responses to global changemay shape the

future of avian diversity. My initial focus is on

comparative studies at broad taxonomic scales

that: (i) show that extinction risk is not randomly

distributed across the avian tree of life; (ii) dem-

onstrate that extinction results in the dispropor-

tionate loss of evolutionary history; and (iii) have

identified commonalities and idiosyncrasies in

the biological traits of threatened species. Varia-

tion in extinction risk is a product of both species’

intrinsic biology that has an evolutionary history

(phylogenetic effects) and threat processes that

vary in their spatial distribution (geographic

effects). The effects of global change also vary

spatially and I will highlight global studies that

show that future broad-scale patterns of avian

diversity are likely to depend on geographic gra-

dients in land conversion driven by both direct

anthropogenic impacts and climate change

(Davies et al., 2006; Jetz et al., 2007). The way

in which bird species’ are able respond to climate

change will determine their future survival and

contribute to the stability or breakdown of com-

munity dynamics. I will discuss studies that show

that birds are not tracking climate change fast

enough, and how limits to phenotypic plasticity

and evolutionary change at a genetic level contrib-

ute to a bleak picture of future avian diversity.

EXTINCTION RISK IS NOT

PHYLOGENETICALLY RANDOM

Today, 1226 (12%) of the worlds bird species are

threatened with extinction (BirdLife Interna-

tional, 2008), primarily from habitat loss but

also from exploitation and the impacts of invasive

species. This is not a random set of species. Ben-

nett&Owens (1997) calculated theprobability of a

family of a given species richness containing the

number of threatened species identified in the

1994 world list of threatened birds (Collar

et al., 1994). Several families have a higher pro-

portion of threatened species than expected by

chance alone, including parrots (Psittacidae),

pheasants (Phasianidae), albatrosses (Procellarii-

dae), and pigeons (Columbidae). Subsequent anal-

yses on revised data have not altered the general

pattern (e.g. Russell et al., 1998; Bennett &

Owens, 2002; Bennett et al., 2005). The clustering

of threat is also observed on phylogenies of

regional avifauna: British birds that are of conser-

vation concern due to recent population declines

are phylogenetically clustered (Thomas, 2008).

The non-random taxonomic or phylogenetic dis-

tribution of threat has two important evolutionary

implications: first, the extinction of threatened

species will result in an uneven loss of evolution-

ary history; and second, it indicates that some

species may be evolutionarily predisposed to ele-

vated extinction risk.

LOSS OF EVOLUTIONARY HISTORY

Not all species are equal with respect to the

amount of evolutionary history that they repre-

sent (Faith, 1992; Purvis et al., 2000). Some species

branch-off early in the tree of life, have few or no

close relatives and hence are evolutionarily dis-

tinct. For example, the rifleman (Acanthisitta

chloris) and the rock wren (Xenicus gilviventris)

share a branch of the passerine phylogeny that

diverged from the rest of the order perhaps

82Ma (Barker et al., 2004) and represent a large

amount of unique evolutionary history. In con-

trast, the majority of the speciose Zosterops clade

diverged around2Ma (Moyle et al., 2009) andmost

of the evolutionary history of the clade is shared

acrossmany species. Indeed,most species do have

close relatives and contribute relatively little

unique evolutionary history to the tree of life

(Nee & May, 1997; Purvis et al., 2000). Because

of this, if extinction of species was random with
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respect to phylogeny (the “field of bullets” sce-

nario, Raup, 1992) then the loss of evolutionary

history would be proportionally lower than the

loss of species (Nee & May, 1997). But as we have

seen above, threatened birds tend to be taxonom-

ically or phylogenetically clumped and the loss of

evolutionary history is far from random. Several

studies based on taxonomic data have shown that

the amount of unique avian evolutionary history

that is currently imperiled is disproportionately

large. If all currently threatened species were to go

extinct then we would lose a disproportionate

number of genera (Russell et al., 1998; Purvis

et al., 2000) with 38more threatened avian genera

than expected by chance alone (Purvis et al., 2000).

The disjunction between numbers of threatened

species and numbers of threatened genera extends

tohigher taxonomic levels.Older tribesof both the

New World and global avifauna have a higher

proportion of threatened species than younger

tribes leading to a proportionally higher loss of

evolutionary history (Gaston & Blackburn, 1997).

Brooks et al. (2005) reported that in addition to the

unexpectedly high numbers of threatened genera,

there are also more threatened families (five) than

predicted at random (fewer than two). They also

report that there have been more confirmed

extinctions of whole genera in the past 500

years than expected by chance. Estimates of cur-

rent and possible future extinction rates within

avian orders are predicted to result in the loss of

entire orders within centuries (McKinney, 1998).

Phylogenetic approaches to the loss of evolution-

ary history are more powerful than taxonomic

methods because they take into account the full

hierarchical branching structure and variation in

branch length of phylogenetic trees, however, we

currently lack a complete species level phylogeny

for the world’s birds. Nonetheless, von

Euler (2001) used estimates for the ages of taxa

at each taxonomic level (Sibley & Ahlquist, 1990;

Sibley & Monroe, 1990, 1993) to generate an

approximation of the avian phylogenetic tree.

Based on these estimates he quantified the

expected loss of evolutionary history measured

as the amount of branch length or “phylogenetic

diversity” (PD; Faith, 1992). The estimated loss of

PD, based on the numbers of extinct, critically

endangered, endangered, and vulnerable species

was consistently higher than expected but only

marginally so. For example, across all threat cat-

egories, 9.93% of PD would be lost compared to

9.01% if threat was distributed randomly. How-

ever, it is likely that the lossof (anddifference from

random) phylogenetic diversity would be consid-

erably larger based on the true phylogeny of birds.

This is because the taxonomic approach used by

von Euler inevitably underestimates the extent of

tree imbalance since all examples at a given tax-

onomic level are assumed to be equal in age.

Taken together, the examples above strongly

indicate that we stand to lose unexpectedly large

amounts of avian evolutionary history. Yet, while

species are a transparent and tangible measure of

biodiversity, measures of evolutionary history are

perhaps less so. Indeed, exactly what phylogenetic

branching structure measures (PD in particular)

has been debated (Faith, 2002). Phylogenetic

diversity is most frequently considered to be a

measure of feature diversity (Faith, 1992; Crozier,

1997;Mooers et al., 2005; Forest et al., 2007). This

means simply that it captures some aspect of the

phenotypic or genetic distinctness of the species

that it represents and in doing so encompasses a

more holistic view of biodiversity than species

counts. This assumes that species traits evolve

at a constant rate across the phylogenetic tree so

that feature diversity accumulates proportionally

with time (or whatever units branch lengths are

measured in for the phylogeny in question). This

assumptionwill hold for some traits in some taxa,

but not all traits in all taxa since many traits are

not neutral (Diniz-Filho, 2004). Alternate mea-

sures that explicitlymodel ormeasure phenotypic

divergence have been argued to be more appropri-

ate if the aim is to capture the processes that

generate feature diversity. Owens & Bennett

(2000b) devised a simple metric of relative pheno-

typic divergence based on the method of indepen-

dent contrasts (Felsenstein, 1985). They examined

thedegree towhichdiversity in avian clutch size is

under threat and identified 21 avian families that

contained significantly more threatened diversity

in clutch size than expected by chance. The
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mesites (Mesitornithidae) had the highest clutch

size diversification under threat score and

although more than half the families listed con-

tained fewer than 10 species, speciose families

suchaspheasants (Phasianidae) and rails (Rallidae)

were also among the 21. Owens&Bennett (2000b)

stressed that PDwould generally do a better job of

describing overall evolutionary distinctness than

a single trait, however, Faith (2002) argued thatnot

only does PD better capture evolutionary distinct-

ness but it is also more effective as a metric of

phenotypic diversity.

An alternate view of the information content of

phylogenetic trees is that long branches are relicts

or evolutionary dead-ends not worthy of conser-

vation, whereas speciose groups characterized by

short branches indicate future evolutionary poten-

tial (Erwin, 1991). On this basis, the rapid and

recent diversification of Zosterops (Moyle

et al., 2009) would be taken as evidence that

they will continue to diversify in the future. How-

ever, as Krajewski (1991) points out there is no

phylogenetic theory that suggests that recent spe-

ciation equates to future radiation and such infer-

ence is little more than speculation. Although

phylogeny may not be an informative measure

of evolutionary potential, the concept of conserv-

ing evolutionary processes has a role in the future

of avian diversity and I return to this point at the

end of the chapter.

Leaving aside the arguments on the precise

meaning of PD, it is clear that it reflects evolu-

tionary history and that it is likely that it retains at

least some information on the evolutionary pro-

cesses of lineage and phenotypic diversification

(Crozier, 1997).Moreover, conserving the distinct-

ness of species offers novel ways of generating

interest in conserving evolutionary processes. A

particularly compelling approach treats phyloge-

netic diversity as a measure of evolutionary her-

itage that can be used to measure the biodiversity

harbored within countries or other geopolitical

units (Frankel, 1974; Mooers & Atkins, 2003;

Mooers et al., 2005). Applied to the birds of Indo-

nesia, Mooers and Atkins (2003) showed that

500Myr of unique, threatened avian evolutionary

heritage are held within the countries borders.

Several metrics for quantifying the evolutionary

distinctness of individual species and combining

these withmeasures of threat have been described

(Redding & Mooers, 2006; Faith, 2008). These

approaches were taken to the public arena

when, in 2007, the Zoological Society of London

launched the Evolutionary Distinct Globally

Endangered (EDGE) program. This program is

aimed at raising awareness and funds for the con-

servation of species that might otherwise be over-

looked by more conventional conservation

management approaches. It was applied initially

to the most unusual and threatened mammals

(Isaac et al., 2007) and amphibians, with EDGE

birds in preparation subsequently included in

2009.

EVOLUTIONARY PREDISPOSITION

TO THREAT

Analyses of the threat to avian evolutionary his-

tory provide alternate measures of the potential

losses of biodiversity but yield little information

on the mechanisms that underlie extinction risk.

However, the taxonomic bias in extinction risk

suggests that theremay indeed be common factors

that make certain species predisposed to elevated

extinction risk (Fisher & Owens, 2004). This is

because closely related species share more evolu-

tionary history thanmore distantly related species

do and consequently they tend to be more similar

in their life-histories, morphology, ecology, and

behavior (Felsenstein, 1985; Harvey &

Pagel, 1991). Understanding how species’ traits

relate to level of threat can reveal the general

processes that determine variation in extinction

risk, identify species in need of conservation

action, and potentially indicate where future con-

servation concernmay lie (Fisher&Owens, 2004).

Numerous mechanisms and potential intrinsic

biological traits have been proposed to explain

interspecific variation in extinction risk (Bennett

& Owens, 2002; Fisher & Owens, 2004). These

include variation in body size (Pimm et al., 1988),

life history (e.g. reduced fecundity, Pimm

et al., 1988), diet (Terborgh, 1974), habitat
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preferences or specificity (Bibby, 1995), population

size or geographic range size and setting (Pimm

et al., 1988; Gaston, 1994a, b), migratory behavior

(Pimm et al., 1988), and the intensity of sexual

selection (Møller, 2000). Explorations of the links

between species traits and extinction risk, while

accounting for phylogeny, have helped to eluci-

date which of these are the most important in

birds. But, as wewill see, the traits that are impor-

tant for one family or clade are often not so for

other clades and patterns across the whole class

are not necessarily mirrored at finer taxonomic or

geographic scales.

At a global, class-wide scale, several traits have

been identified as being important in predisposing

some species to increased extinction risk. Life

history, and in particular variation in clutch

size, seems to be particularly important. Species

with a low intrinsic rate of population increasedue

to low fecundity will take longer to recover from a

decline in density and are therefore expected to be

more prone to extinction from stochastic demo-

graphic events (Pimm et al., 1988). Bird species

with low fecundity (small clutch sizes) are indeed

especially susceptible to extinction (Bennett &

Owens, 1997). The expected role of body size

variation in determining variation in the risk of

extinction is less transparent because body size

may be either positively or negatively related to

other traits that would be expected to increase the

risk of extinction (Gaston& Blackburn, 1995). For

example, large body size may be associated with

low abundance, indicating that large bodied spe-

cies may be more at risk. Alternately, small body

sizemay be associated with susceptibility to envi-

ronmental perturbation (Gaston & Black-

burn, 1995). Two class-wide studies (Gaston &

Blackburn, 1995; Bennett & Owens, 1997) have

shown that large body size is associated with

elevated risk of extinction. Gaston & Black-

burn (1995) showed that threatened species are,

on average, larger than nonthreatened species, and

Bennett & Owens (1997) found a positive correla-

tion between body size and extinction risk. How-

ever, although reanalysis has confirmed the link

betweenbothbody size andclutch-size andextinc-

tion risk (Bennett & Owens, 2002; Bennett

et al., 2005), more recent class-wide studies

have found that clutch-size, but not body size, is

important (Morrow & Pitcher, 2003). In the same

study,MorrowandPitcher also examinedwhether

increased intensity of sexual selection was asso-

ciated with increased extinction risk. They used

four measures of sexual selection (social mating

system, sexual size dimorphism, sexual dichro-

matism, and testis size) to capture different

aspects of both pre- and post-mating selection.

Only testis size, a measure of post-mating sexual

selection, was associated with extinction risk.

Species with large testis were more threatened

than species with small testis and this remained

the case when body size and clutch size were

included as correlates. It should be noted that

these results where based on analyses that

accounted for the effects phylogeny but did not

hold when using the raw data and may have over-

compensated for phylogenetic effects (see Pur-

vis, 2008). However, Morrow and Pitcher’s

results are supported by evidence that sexually

dimorphic species have higher extinction rates

following introductions to islands than sexually

monomorphic species (Sorci et al., 1988; McLain

et al., 1995, 1999).

Each of the class-wide analyses discussed above

focused exclusively on the intrinsic biology of

species. However, while some species with, for

example, small clutch sizes areprone to extinction

risk, somearenot.Why is this so?Oneexplanation

is that intrinsic biological traits make a species

more susceptible to certain types of threat, but if

the species does not encounter that particular type

of threat then it will probably not be at greater risk

of extinction. This idea was examined in detail by

Owens & Bennett (2000a). They suggested that

species with slow life-histories (e.g. small clutch

size or large body size) may be particularly vulner-

able to threats from human persecution or intro-

duced predators, whereas species that are

ecologically highly specialized (narrow range in

diet or habitat preferences) will be most suscepti-

ble to threats imposed by habitat loss or degrada-

tion. These predictions held up remarkably well

(Figure 16.1; Owens & Bennett, 2000a; Bennett &

Owens, 2002; Bennett et al., 2005). Where the
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main threatwas habitat loss, bird familieswith on

average small body sizes and highly specialized

breeding habitat requirements had a higher pro-

portion of species at risk than families with large

average body sizes or generalist habitat prefer-

ences. There was no significant difference in

risk between families with short and long gener-

ation times. Where the main threat was from

persecution or introduced predators, families

with on average large body sizes and long gener-

ation timeshadmuchhigher proportions of threat-

ened species than families with small average

body sizes or short generation times. There was

no significant difference in riskbetweengeneralist

and specialist families.

Revealing general ecological processes is

important in our understanding of the mechan-

isms of threat but has a limited value for practical

conservation (Fisher & Owens, 2004). To do that,

more focus is needed on particular clades, regions,

or both (Fisher & Owens, 2004). Studies that have

taken this approach demonstrate the idiosyncratic

roles of biology and threat processes in determin-

ing population trends and extinction risk. Long

et al. (2007) focused on the orderAnseriformes and

found that two intrinsic factors, small population

size and small global range size, and two extrinsic

factors, the amount of wetland lost within a

species’ range (measured as the increase in area

of agricultural land) and the total number of

Fig. 16.1 The effects of interactions between types

of threat and species’ ecology on extinction risk

across families of birds. Proportion of species at

risk of extinction among families against: (A)

body size threatened by habitat loss and (B) perse-

cution or predation; (C) residual generation time

threatened by habitat loss and (D) persecution

or predation; and (E) degree of breeding habitat

specialization threatened by habitat loss and (F)

persecution or predation. (From Owens &
Bennett, 2000a.)
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different threat processes operating, were the key

determinants of recent population declines.

Kr€uger and Radford (2008) found that extinction

risk was higher in Accipitridae species with large

body sizes, low reproductive rate, specializedhabi-

tats, low plumage polymorphism, and less

acrobatic displays. Some studies have focused

on restricted geographic rather than taxonomic

scope. For example, Prinzing et al. (2002) found

that long-distance migration and small body size

were the strongest correlates of population

declines in European birds (although they focus

discussion on the lackof a convincing relationship

with indices of sexual selection). Gage et al. (2004)

found that extinction risk amongneotropical birds

was highest among species that occupy fewer

zoogeographical regions, havemore limited eleva-

tion ranges, are smaller bodied, live at higher

altitude, use only a single microhabitat, and

occupy the edges of undisturbed habitat. When

restricted further so that analyses were carried out

on each of four zoogeographical regions, they

found that limited elevation range was associated

with extinction risk in the central Andes and

northern Andes; extinction risk decreased with

the number of microhabitats in central South

America and southern Amazonia but increased

in the northern Andes; higher altitude was asso-

ciated with elevated extinction risk in central

South America; and large bodied species were

more at risk in southern Amazonia.

Analyses that are restricted both taxonomically

and geographically may have the most practical

value. Among North American shorebirds (Char-

adriiformes) themigration route and level of threat

on the nonbreeding grounds were the strongest

correlates of population decline, suggesting that

conservation of stopover sites is likely to play an

important role in halting recent declines (Thomas

et al., 2006). In gamebirds (Galliformes) intrinsic

traits including latitudinal range, body mass, ele-

vation range, andhabitat use, andvariables reflect-

ing human impacts, including human population

density, total food consumption, and diet compo-

sition influence extinction risk (Keane

et al., 2005). These factors are largely consistent

within different Galliform clades (Cracidae and

Phasiandae) and geographic regions (Africa, Asia,

Latin America, and the Caribbean).

What is striking from this brief overview of

comparative analyses of extinction risk and pop-

ulation trends in birds is just howmuch variation

there is in the intrinsic correlates of imperilment

between clades and at different taxonomic scales.

Of equal importance is the remarkably lowexplan-

atory power of many of the models (Bennett &

Owens, 2002). Even with carefully justified

explanatory variables, comparative analyses can

often explain only a small proportion of the vari-

ation in extinction risk or population trend. For

example, the best overall model in Gage et al.’s

(2004) analysis of neotropical birds (across all zoo-

geographic regions) explained < 10% of the vari-

ation in extinction risk. Even with a very large

number of potential explanatory variables (26,

including five different measures of size), the

final model of Kr€uger & Radford’s (2008) analyses

of extinction risk in hawks (Accipitridae)

explained just 14.8%of the variation in extinction

risk.Whydoanalyses of species’ traits generally do

so badly at explaining extinction risk or popula-

tion trends? The most likely explanation may not

be that the wrong traits have been identified,

rather that species decline partly because of

what they are and partly because of where they

are. To fully understand variation in threat we

need to consider the geographic distribution of

current avian diversity and how this will be

impacted by current and projected changes in

human activities.

THE GEOGRAPHIC DISTRIBUTION

OF THREATENED BIRDS

The breeding ranges of all extant birds have

recently been compiled to produce maps of their

global distributions (Orme et al., 2005; Hawkins

et al., 2007; Jetz et al., 2007). These have been used

to identify the hotspots of total, threatened, and

range-restricted (or endemic) avian species rich-

ness (Figure 16.2; Orme et al., 2005). The geo-

graphic location of the different types of hotspot

are not congruent (Orme et al., 2005). Although
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some species richness hotspots are also threatened

species richness hotspots (specifically hotspots in

the Andes, the Himalayas, and the Atlantic

coastal forests), the overall congruence between

the two is remarkably low: the hotspots of species

richness contained 49% (4371 species) of the

world’s extant birds but only 27% (293) of the

threatened species. This type of disjunction had

been discussed previously by Jetz&Rahbek (2001)

with respect to African birds: patterns of endemic

or threatened species richness are the product of

entirely (endemic species) or primarily (threatened

species) small-ranged species, whereas patterns in

total species richness are driven by large-ranged

species. This occurs despite the fact that

most species have small ranges: for subSaharan

African birds, the widest ranging quartile of

species accounts for 70.5% of occurrence records

across 1� grid cells, whereas the smallest ranged

species accounted for only 1.3% of occurrences

(Jetz & Rahbek, 2001). Consequently, the

overlap with human impacts may differ between

total, threatened, and range-restricted species

richness.

Davies et al. (2006, 2007) explored the correla-

tions betweenboth total and species richness anda

range of environmental and human impact vari-

ables. They found that, on a global scale,measures

of human impact were better predictors of the

number of threatened species per grid cell (con-

trolling for overall species richness) than were

measures of ecology (Davies et al., 2006). Popula-

tion density, agricultural area and GDP all have

strong impacts on the number of threatened spe-

cies globally, whereas the only major ecological

predictor was elevation range (a proxy for topo-

graphic variability). The Normalized Difference

Vegetation Index (NDVI), a measure of productiv-

ity, had a lesser role. In contrast, when analyzed

separately for each biogeographic realm (Olson

et al., 2001) the results are rather idiosyncratic.

but in general indicate that ecology and environ-

ment aremore important than human impact. For

example, NDVI is a major predictor of threatened

species richness in the Afrotropics, whereas in

IndoMalaya temperature is more important.

Human population density is also a significant

correlate of total richness, albeit of secondary

importance to ambient energy and temperature

(Davies et al., 2007). The correlation between

threatened species richness and human impacts

is particularly concerning. Althoughwe cannot be

certain of cause and effect, it is clearly a plausible

inference that recent human impacts are respon-

sible for the high proportion of threatened species

in many parts of the world.

Perhaps a greater cause for alarm is the contin-

ued and escalating impact that humans are having

globally. The analyses outlined above were based

on recentmeasures of humanpopulations,wealth,

technology, and agricultural practice. Yet human

Fig. 16.2 Avian biodiversity hotspots. Hotspots of:

(A) species richness; (B) threatened species richness;

and (C) endemic species richness. Hotspots (shown in

black) are the richest 2.5% of grid cells for each category.
(From Orme et al., 2005.)

388 GAVIN H. THOMAS



impacts are projected to be even more widespread

in the future and will encompass changes in land

use and climate (Mitchell et al., 2004; Carpenter

et al., 2005; Van Vuuren et al., 2006; Lee &

Jetz, 2008). These changes are expected to hit

not just threatened species but also species that

are currently considered to be of least concern.

Thomas et al. (2004) used projections of species’

distributions under future climate scenarios to

assess extinction risks for a range of taxa in

selected regions around the world. They modeled

the association between a species’ current climate

and its distribution to generate a ‘climate envel-

ope’ that is assumed to remain unchanged in the

future. Of the species and regions that they ana-

lyzed, ca. 18% would be lost under minimal cli-

mate warming scenarios, compared to ca. 24%

under moderate and ca. 35% under maximum-

change scenarios. For birds, in which endemics

from Mexico, Europe, Queensland, and South

Africa were analyzed, the estimates ranged from

no extinctions forecast (South Africa) to a loss of

ca. 85% of species (Queensland). Jetz et al. (2007)

explored future distributions of all the world’s

birdsunder projected climate and land-use change.

Future changes in species ranges under alternate

global change scenarios were estimated, and even

under themost benevolent projections at least 400

species by 2050, and 900 species by 2100, were

predicted to suffer > 50% range contractions

(Figure 16.3). Themost dramatic declines are fore-

cast among small-ranged tropical endemics that

will be impacted by large-scale anthropogenic land

conversion (Figure 16.3). Climate change is fore-

cast to impact mainly on high-latitude species,

though the effects are likely to be less severe in the

short to mid-term than those predicted for land-

use change in the tropics (Figure 16.3).

ECOSYSTEM CONSEQUENCES OF

AVIAN DECLINES

Current global human distributions and future

projected anthropogenic impacts on biodiversity

will, if unchecked, have a dramatic impact on the

avian distributions. Yet it is not just numbers of

species that will be affected. Birds provide a range

of ecosystem services and functions that are per-

haps the most diverse of all vertebrate groups yet

their role has frequently been overlooked

(Table 16.1, Şekercio�glu et al., 2004; Ş ekercio�glu,

2006a,b). Birds provide both regulatory roles in

ecosystems, including seed dispersal (Armesto

& Rozzi, 1989; Cordeiro & Howe, 2003), pollina-

tion (Feinsinger et al., 1982;Hadley&Betts, 2009),

pest control (Mols & Viser, 2002; Van Bael

et al., 2003; Perfecto et al., 2004), and carcass

disposal (DeVault, 2003), and have supporting

roles in nutrient decomposition (Sanchez-Pinero

& Polis, 2000) and ecosystem engineering (Daily

et al., 1993; Casas-Criville & Valera, 2005; Valdi-

via-Hoeflich et al., 2005). We know that just as

species richness is not randomly distributed

around theworld, nor is phenotypic and functional

diversity. Nectarivores fulfill important roles as

pollinators in many systems, particularly in Aus-

tralia,NewZealand, andOceania (Ford, 1985), and

are particularly species rich in the neotropics (Kis-

sling et al., 2009). The distribution of avian body

sizes varies substantially, withmore small-bodied

species towards the tropics and in areas with high

temperature (Olson et al., 2009). Clutch size is

typicallyhigher in theNorthern than theSouthern

Hemisphere (Jetz et al., 2008). As extinctions

occur at different rates in different regions, both

species and functional diversity will be lost, with

consequences for communities and ecosystems

(Table 16.1). Because frugivores are important

seed dispersers their loss may inhibit the ability

of dependent plant species to withstand the pre-

dicted large-scale changes in landuse in this region

(see Jetz et al., 2007). Şekercio�glu et al. (2004)

explored the global consequences of loss of func-

tional diversity by addressing the current and

future distributions of threatened birds across a

range of ecological and geographical groupings.

They generated three possible scenarios for future

extinctions. In the first, best case, scenario they

assumed that current and future conservation

practice will see no change in the status of cur-

rently threatened species but will be enough to

prevent any new species being elevated to threat-

ened or higher categories of conservation concern.
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Fig. 16.3 Projected impacts of global change on geographic patterns of avian species richness. Land cover conversion in

2100 due to climate and land-use based on projections of (A) the environmentally proactiveAdaptingMosiac and (B) the

environmentally reactiveOrder fromStrengthmodels. Species richness of birdswith projected range declines of� 50%

on a 0.5� grid for (C) the Adapting Mosiac and (D) Order from Strength models. (From Jetz et al., 2007.) [This figure
appears in color as Plate 16.3.]
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In the second, intermediate, scenario they

compared the threatened species lists from 1994

(Collar et al., 1994) to 2003 (International Union

for Conservation of Nature and Natural

Resources, 2003) and assume that the rate at

which additional species were elevated to threat-

ened during this period will be maintained in the

future. The final, worst case, scenario takes the

rate inferred in scenario two and adds a further 1%

increase in rate per decade so that the rate atwhich

species go extinct gradually increases throughout

the 21st century. Şekercio�glu et al. (2004) argue

that species that are classified as endangered, crit-

ically endangered, or extinct in the wild sum to

only 0.025% of the global bird population and

therefore contribute little to ecosystem process

and function compared to nonthreatened species.

They regard such species as functionally extinct

and species that haveundergone recent population

or range contraction to be functionally deficient.

On this basis, andunder the three future scenarios,

by 2100 6–14% of bird species will be extinct,

7–25%will be functionally extinct, and a stagger-

ing 13–52% will be functionally deficient

(Figure 16.4). Species in some habitats, including

those that aremarine or forest dwelling, and some

regions, particularly New Zealand, Oceania, Mal-

agasy, and South Polar will lose functional

Table 16.1 Ecological and economical contributions of avian functional groups. From Şekercio�glu et al. (2004) and
Şekercio�glu (2006a).

Functional group Ecological process
Ecosystem service and economic
benefits

Consequences of loss of functional
group

Frugivores Seed dispersal Removal of seeds from parent tree;
escape from seed predators; improved
germination; increased economic
yield; increased gene flow;
recolonization and restoration of
disturbed ecosystems

Disruption of dispersal mutualisms;
reduced seed removal; clumping of
seeds under parent tree; increased
seed predation; reduced recruitment;
reduced gene flow and germination;
reduction or extinction of dependent
species

Nectarivores Pollination Outbreeding of dependent and/or
economically important species

Pollinator limitation; inbreeding and
reduced fruit yield; evolutionary
consequences; extinction

Scavengers Carrion consumption Removal of carcasses; leading other
scavengers to carcasses; nutrient
recycling; sanitation

Slower decomposition; increases in
carcasses; increases in undesirable
species; disease outbreaks; changes in
cultural practices

Insectivores Predation on insects Control of insect populations; reduced
plant damage; alternate to pesticides

Loss of natural pest control; pest
outbreaks; crop losses; trophic
cascades

Piscivores Predation on fishes and
invertebrates; production
of guano

Controlling unwanted species; nutrient
deposition around rookeries; soil
formation in polar environments;
indicators of fish stocks;
environmental monitors

Loss of guano and associated nutrients;
impoverishment of associated
communities; loss of socioeconomic
resources and environmental
monitors; trophic cascades

Raptors Predation on vertebrates Regulation of rodent populations;
secondary dispersal

Rodent pest outbreaks; trophic cascades;
indirect effects

All species Various Environmental monitoring; indirect
effects; birdwatching tourism;
reduction of agricultural residue;
cultural and economic uses;
ecosystem engineering

Losses of socioeconomic resources and
environmental monitors;
unpredictable consequences
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diversity above the global average (Figure 16.4C

and D). Similarly, and perhaps more seriously,

some functional groups will fare particularly

poorly including frugivores, herbivores, nectari-

vores, piscivores, and scavengers (Figure 16.4a).

In addition, some 40% of species that are special-

ized in a single guild are predicted to be function-

ally deficient by 2100 (Figure 16.4b). The impacts

on ecosystem and community function could be

severe (Table 16.1).

Functional extinction of bird species is of seri-

ous importance for a particular ecosystem or com-

munity only if that function cannot be filled by

other members of the community (Walker, 2003).

However, there is evidence that avian communi-

ties have very low levels of functional redundancy.

That is, if a species is lost, its function is lost with

it unless species from neighboring communities

can successfully invade the depauperate commu-

nity. The seeds of Leptonychia usambarensis, a

Fig. 16.4 Predicted percentages of extinct and functionally deficient bird species for scenario 2 (intermediate; see text for

details). (A) Distribution based on primary diet. (B) Effects of the degree of specialization derived from the product of

habitatsusedandfoodtypesconsumed. (C)Distributionbasedonprimaryhabitat. (D)Distributionbasedonbiogeographic

region:A,Austral;C,Cosmopolitan; E, EasternHemisphere; F,Afrotropical; I, Indomalayan;M,Malagasy;N,Nearctic; L,

neotropical; O, Oceania; P, Palearctic; S, South Polar; and Z, New Zealand. (From Şekercio�glu et al., 2004.)
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tree endemic to the eastern Usambara Mountains

of Tanzania, are dispersed by several bird species

(particularly stripe-cheeked greenbulAndropadus

milanjensis and Shelley’s greenbul Andropadus

masukuensis) in continuous expanses of rainfor-

est. However, where the forest has become frag-

mented, the birds were rare or even absent and

juvenile recruitment of the Leptonychia was

reduced (Cordeiro & Howe, 2003). Among British

birds, functional diversity (measured according to

size, diet, foraging strata, habitat, and time) in a

given 10km2 assemblage is typically lower than

expected by chance (Petchey et al., 2007), suggest-

ing that function within communities is replace-

able. However, over a 20-year period, changes in

species richness were matched by proportionally

similar changes in functional diversity (Petchey

et al., 2007). This implies that there is little redun-

dancy in the functional composition of British

avian communities and that loss of function is

buffered by community reassembly, presumably

from neighboring assemblages. Whether this

would hold globally or at a finer (community

rather than assemblage) scale is not clear. It

seems reasonable to expect that the overall lack

of functional redundancy will be a general phe-

nomenon, but less likely that this will be so for

irreplaceability. Across the neotropics many spe-

cies of hummingbird have coevolved with the

plants on which they feed to the extent that

many species of plant are dependent on humming-

birds for pollination (Stiles, 1981). The three-wat-

tled bellbird Procnias tricarunculata disperses

seeds ofOcotea endresiana, a shade-tolerant neo-

tropical tree, to canopy gaps where seedling sur-

vival is higher than for seeds dispersed over much

shorter distances by other bird species (Wenny &

Levey, 1998). Similarly, the southern cassowary

Casuarius casuarius is the only frugivore large

enough to act as a long-distance disperser for

many plants in theQueensland rainforest (Stocker

& Irvine, 1983). These examples are only the tip of

the iceberg for potential loss of irreplaceable avian

functional diversity on a global scale (Şekercio�glu

et al., 2004; Şekercio�glu, 2006a,b). It is then all the

more concerning to consider that the responses of

many species to climate change may have similar

effects on community structure and function. In

the next section I review the evidence for avian

responses to recent climate change, particularly

with respect to range movements and phenology,

and consider their impacts on evolutionary and

ecological processes.

RESPONSES TO CLIMATE CHANGE IN BIRDS

The rapidity of recent and projected climate

change poses new challenges to the worlds biota

(Root et al., 2003). Limits to bird ranges may often

be set by physiological tolerance to and energy

expenditures that compensate for, temperature

(Root, 1988a,b). As global temperature warms,

there are threeways inwhich species’ can respond.

They can track changes in climate by shifting

their ranges to suitable habitats elsewhere; they

can show phenotypically plastic responses (i.e.

changes in phenotypic traits without changes in

genotype); or, they can show microevolutionary

(genetic) change (Holt, 1990; Davis et al., 2005;

Visser, 2008). The former will result in species

turnover and community reassembly and there-

fore alter the balance of ecosystem and commu-

nity dynamics. The latter two can mitigate the

effects of climate change such that ecological

communities may remain intact. But, if the

phenologies of different species respond at differ-

ent rates then interspecific interactions will break

down (Harrington et al., 1999; Root et al., 2003;

Both et al., 2009). Consequently, community and

ecosystem structure and function will depend

critically on how different species respond to cli-

mate change. There is widespread evidence that

birds are responding to climate change in both

distribution and phenology.

The first observations of range change in birds

have been summarized by Parmesan (2006) who

highlighted studies showing northward range

shifts of bird range in Iceland, Finland, and Britain

in the 1930s and 1940s (Salomonsen, 1948;

Kalela, 1949, 1952; Gudmundsson, 1951; Har-

ris, 1964). Northward shifts averaging 18.9 km

have been observed recently across 20 species of

British birds between 1968–1972 and 1988–1991
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(Thomas & Lennon, 1999), a period over which

temperature increased in Great Britain (Con-

way, 1998). Range shifts are also known to have

occurred in polar and tropical regions. In Antarc-

tica, Adélie (Pygoscelis adeliae) and emperor

(Aptenodytes forsteri) penguins have responded

to changes in sea-ice extent with both species

now essentially absent from the northernmost

parts of their recent ranges (Croxall et al., 2002;

Ainley et al., 2003). In the tropics, the rufous

hummingbird Selasphorus rufuswintered inMex-

ico as recently as the 1970s with fewer than 30

sightings per year along theGulfCoast of theUSA,

yet by 1996 there were a total of 1643 documented

winter occurrences in this region (Hill et al., 1998).

However, the observed distributional changes

in birds may not be proceeding rapidly enough to

track climate change. Devictor et al. (2008) devel-

oped a measure, the community temperature

index (CTI), to quantify the balance within an

assemblage between species whose ranges are typ-

ically associated with high temperature and spe-

cies whose ranges are typically associated with

low temperature. A high CTI indicates that there

is a relatively high proportion of species associated

with high compared to low temperatures. Among

assemblages of French breeding birds, CTI was

found to have increased since 1989 in association

with increases in temperature. However, the

increases in CTI corresponded to a community-

wide northward shift in species’ ranges of 91km,

compared to an equivalent northward shift in

temperature of 273km. The 182km lag in species

ranges suggests that French breeding birds are not

tracking climate change fast enough (Devictor

et al., 2008).

Avian phenology may also be responding too

slowly to a warming climate. Global climate

change has been shown to affect the phenology,

distributions, and life histories ofmany organisms

(Rohde, 1992; Post et al., 2001; Parmesan &

Yohe, 2003; Parmesan, 2006), particularly birds

(reviewed by Crick, 2004; Sparks &

Mason, 2004). The best-known example of

advancement in phenology is based on laying

date data spanning 57 years (92,828 records from

1939 to 1995) from the British Trust for Ornithol-

ogy nest record scheme (Crick et al., 2003). These

data show that the laying date of 31 out of 36

species was related to temperature or rainfall,

with 19 species (53%) showing long-term trends

in laying date that corresponded with climate

change (Crick et al., 1997; Crick & Sparks, 1999).

Using UK-specific climate scenarios, Crick &

Sparks (1999) predicted that for 27 species

included in their study, the laying date would

advance by an average of 8 days, and a maximum

of 18 days, by 2080. A similar study of nest records

from North America for the tree swallow Tachy-

cineta bicolor showed that temperature predicted

a 9-day advancement in laying date between 1959

and 1991 (Dunn & Winkler, 1999). Changes in

migration have been more extensively documen-

ted. The average arrival and departure dates of 20

migrant species inOxfordshire,UKhave advanced

by 8 days in the past 30 years (Cotton, 2003).

Arrival dates in the UK had advanced in 17 out

of 20 species compared to advances in departure

dates in 15 out of 20. The overall time spent at the

breeding grounds remained essentially unchanged

during the 30-year period. Cotton (2003) suggests

that arrival time advanced with increasing winter

temperatures in subSaharan Africa, while depar-

ture time advanced with elevated summer tem-

peratures in the Oxfordshire breeding grounds.

H€uppop & H€uppop (2003) found that all but one

species out of 25 bird species (24 passerines and the

woodcock) that pass through the island of Helgo-

land (southeastern North Sea) showed a trend

towards earlier mean spring passage times since

1909. The trend was statistically significant in

seven species that are short–medium distance

migrants and in ten species that are long-distance

migrants. The earlier mean spring passage times

coincide with higher North Atlantic Oscillation

(NAO) indices.

There are numerous other examples of pheno-

logical responses attributed to climate change in

birds (Crick, 2004). However, there is also evi-

dence that these changes are much slower than

those at lower trophic levels, causing a mismatch

between the phenologies of some bird species and

their food (Harrington et al., 1999; Both

et al., 2009). Several studies of insectivorous
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birds have shown that the phenology of the off-

spring food supply has advancedmore rapidly than

breeding phenology (Visser et al., 1998; Both &

Visser, 2005; Pearce-Higgins et al., 2005). A long-

term study of great tits (Parus major) on the Hoge

Veluwe (Netherlands) showed that there was

strong directional selection for advancement in

the date of egg-laying due to temperature increases

that resulted in advances in vegetation phenology

and annual peak dates of caterpillar biomass (Vis-

ser et al., 1998). Yet during this period the egg-

laying date remained unchanged. At the same

location, the spring arrival of migrant pied fly-

catchers (Ficedula hypoleuca) remained

unchanged but arrival was earlier than the peak

laying date and laying date advanced by an average

of 10 days. But, as with great tits, this still lagged

behind the advancement of spring on the breeding

grounds (Both & Visser, 2001). There is, however,

variation in the responses of the same species in

different parts of their range, since the laying date

of great tits of Wytham Wood, Oxford, UK has

tracked advancement in peak caterpillar biomass

(Cresswell & McCleery, 2003).

At a population level, the most severe conse-

quences of the disjunction between the timing of

peak food supplies and the timing of breeding is

rapid population decline. This is evident in some

Dutch populations of the pied flycatcher where

declines in abundance of 90% have been recorded

(Both et al., 2006). At an ecosystem level, because

climate change can be expected to influence all

species, variation in response between species

may impact on all levels and interactions (Har-

rington et al., 1999). Both et al. (2009) explored

variation in phenology at four trophic levels: (i)

budburst in pedunculate oak treesQuercus robur;

(ii) hatching date of caterpillars that feed on oak

buds; (iii) laying and hatching date in four passer-

ine species (coal tit Parus ater, blue tit Cyanistes

caeruleus, great tit Parus major, and pied fly-

catcher Ficedula hypoleuca) whose offspring

depend on caterpillars for food; and (iv) peak

food requirements date (estimated as 12 days

from hatching) in sparrowhawks Accipiter nisus

that prey on passerine birds. Both et al. (2009)

found that budburst advanced only slightly (0.17

days per year) between 1988 and 2005, while both

caterpillar (0.75 days per year) and passerine

(0.36–0.5 days per year) hatching dates advanced

significantly between 1985 and 2005, but raptor

hatching dates did not change. Caterpillar hatch-

ing dates were closely correlated with budburst,

and passerine hatching was correlated with cater-

pillar hatching.However, in bothcases the slopeof

< 1 implies that congruence between phenologies

declined over the period of studies. Both

et al. (2009) suggest that phenological responses

to climate change are slower at higher trophic

levels, resulting in a disjunction between peaks

of food demands and peaks of food availability.

Why are avian phenological responses lagging

behind those of their prey? A trait that is pheno-

typically plastic with respect to temperature

should show a near-instantaneous response to

climate change (Visser, 2008). For example, if

great tits respond directly to changes in the

advancement of peak caterpillar biomass then

phenotypically plastic changes in the timing of

reproduction would be exactly concurrent. How-

ever, phenotypic responses can be hampered if the

environment in which selection occurs differs

from the environment in which, for example,

reproductive decisions are made (Visser

et al., 1998). In Dutch great tits, the relationship

between peak of food availability and the cue for

reproduction appears to have changed, implying

that selection and decisionmaking do not take the

same cues (Visser et al., 1998). Among migratory

pied flycatchers, phenotypic plasticity in laying

date is constrained by spring arrival: the timing of

the former relies on environmental cues on the

breeding grounds, whereas the timing of the latter

is dependent on environmental cues on the win-

tering grounds (Both & Visser, 2001).

If differences in phenological responses of birds

and their prey are usually explained by constraints

on plasticity (Visser et al., 1998; Both & Vis-

ser, 2001; Both et al., 2009), then adequate

responses will depend on microevolutionary

change (Visser, 2008). Yet, the very few studies of

genotypicresponsestoclimatechangeinbirdshave

found no evidence that birds are responding to

climate change at the genetic level (Pulido, 2007;
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Garantetal., 2008;Teplitskyetal., 2008).Bodysize

declines have been associatedwith climate change

in several bird species (Yom-Tov, 2001; Yom-Tov

et al., 2006; Teplitsky et al., 2008) but there is no

evidence for genetic change. Between 1958 and

2004, mean body mass of individually marked

red-billed gulls (Larus novaehollandiae scopuli-

nus) from New Zealand declined at a rate of 0.1

SDper generation andcorrelated significantlywith

increased temperature (Teplitsky et al., 2008).

Using an “animal model” (Kruuk, 2004), pheno-

typicmass was broken down into additive genetic,

random, and other fixed effects to estimate the

genetic component of body mass change. In con-

trast to themean phenotypic bodymass, there was

no relationship between the genetic component of

body mass change and declines in temperature

(Teplitsky et al., 2008). Similarly, the population

of great tits (Parus major) in Wytham Woods,

Oxford showed significant changes in mean phe-

notypeof reproductive traits, including layingdate,

clutch size, and egg mass collected from 1965 to

1988 compared to the warmer period from 1989 to

2004 (Garant et al., 2008). There was also signifi-

cant additive genetic variance and heritability in

these traits within each period. However, compar-

isons of matrices of additive genetic variances and

covariances (the G matrix, Lande, 1979) between

the twoperiods revealednochange in thegenotypic

component of reproductive traits (Garant

et al., 2008).

The lack of evidence for microevolutionary

responses to climate change, and the constraints

on phenotypic plasticity imposed by differential

cues in reproductive traits show that ecosystem

dynamics may be disrupted and they also have

implications for community structure and func-

tion, particularly in migratory birds. Migratory

species are likely to be particularly affected by

climate change (Both & Visser, 2001) because it

may influence their breeding and migration phe-

nology, migration distance (Visser et al., 2009), as

well as both breeding and wintering ranges. Com-

munities of migratory birds may therefore be par-

ticularly impacted by climate change. Resident

species may benefit from warmer winters due in

particular to reduced energy demands, and this

may be detrimental to long-distance migrants

due to increased competition.

Geographic variation in the number of long-

distancemigrants in Europewas found to decrease

with increasing winter temperature and decreas-

ing spring temperature (Lemoine & B€ohning-

Gaese, 2003). Lemoine & B€ohning-Gaese (2003)

used this relationship to predict and test how

community composition changed between cen-

suses in 1980–81 and 1990–92 in the Lake Con-

stance region of central Europe. They found,

consistent with the model, that the proportion

of long-distancemigrants decreasedwhile the pro-

portion of short-distance migrants and resident

species increased with warmer winter and colder

spring temperatures. Extending the predictive

model to 21 sites across Europe revealed similar

trends (Lemoine et al., 2006). Taken together,

these studies imply that long-distance migrants

may be particularly susceptible to the effects of

climate change. However, it is not clear whether

species turnover due to range changes (commu-

nity reassembly, Schaefer et al., 2008) or pheno-

typic adaptationwill generally govern responses of

bird communities to climate change.Distinguish-

ing between these two possibilities is important

because species turnover affects community

dynamics often in unpredictable ways and may

impact on function in a similar way to species

extinction (see Table 16.1). In contrast, commu-

nity composition will remain essentially intact if

species respond by adaptation. Using spatial var-

iation in the number of species that potentially

migrate (i.e. they are migratory in part of their

range) and those that actually migrate in a com-

munity, Schaefer et al. (2008) showed that spa-

tially the number and proportion of migratory

species decreased with decreasing temperature

in the coldest month and increasing spring tem-

perature. The spatial models imply that a 1�

increase in the temperature of the coldest

month results in a decline of 1.3migratory species

(corresponding to 1.78% of the number of

migrants). This decline corresponds to a 2.18%

decline in the proportion of migratory activity but

only a 0.20% decline in the proportion of migra-

tory propensity. Declines in migratory propensity
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imply species turnover and were less important

than declines in migratory activity that imply

phenotypic adaptation. When compared to an

expected 3.4� increase in temperature under a

moderate climate change scenario (A2, Mitchell

et al., 2004) these models imply that climate

change will have only a minor impact on Eur-

ope-wide community composition of migrant

bird species (Schaefer et al., 2008). It is encourag-

ing that species turnover and community reas-

sembly will apparently have only a very minor

impact on migrant bird communities. However,

the lagged-response of some species, including

long-distance migrants (Both et al., 2006), and

communities (Devictor et al., 2008), and the

absence of evidence for microevolutionary

responses to climate change (Garant et al., 2008;

Teplitsky et al., 2008) suggests that theremay still

be a significant impact on the functioning of these

communities.

A FUTURE FOR AVIAN DIVERSITY?

Taken together, there is little evidence that birds

are able to respond, either through phenotypic

plasticity or via genetic adaptation, sufficiently

rapidly to cope with global change (Visser, 2008).

Avian diversity in the future is threatened by a

double-edged sword of habitat loss and climate

change (Myers & Knoll, 2001). Habitat loss will

drive contraction and fragmentation of species

ranges and population. As populations decline

so too does genetic diversity while gene flow

between populations will be disrupted as habitats

becomemore fragmented (Templeton et al., 2001).

Reduced genetic diversity reduces evolutionary

potential simply because there is less variation

in genetic material on which selection can act

(Frankham, 2005).We have seen that there is little

evidence to suggest that there is adequate geno-

typic evolution in response to climate change and

that there are limits on the extent to which phe-

notypic plasticity can mitigate these effects. This

suggests first, that our current estimates of the

number of threatened bird species are very likely

to be significant underestimates since they do not

account for projected climate or land-use changes;

and second, that the time to extinction for many

currently imperiled species may be substantially

faster than current estimates suggest. We are

already faced with the huge challenge of conserv-

ing threatened species but even the idea that we

can save communities and ecosystems in their

current state is itself under threat (Hannah

et al., 2002). The impacts of projected extinctions

acting differentially on functional groups, the

effects ofmistiming of phenology on trophic inter-

action networks, and species turnover in the face

of climate-driven range shifts will all impact not

just on the numbers of birds but on the structure

and function of the communities and ecosystems

in which they live.

At a global scale, the projected impacts of land

use and climate change on land cover are only

poorly predicted by past human impact (Lee &

Jetz, 2008). Current conservation priorities there-

fore provide poor targets for future threats and

there is a pressing need for revised reserve-based

conservation planning (Lee & Jetz, 2008). New

conservation targets are challenging because

oftenwedonot adequatelyunderstand the species’

responses to environmental perturbation. Much

value will therefore be placed on understanding

and conserving evolutionary and ecological pro-

cesses rather than species orhabitats per se.Unfor-

tunately, while we are making progress in our

ability to predict future extinctions, we remain

poor at predicting future evolutionary processes

(Woodruff, 2001; Barraclough & Davies, 2005).

Where and what to conserve therefore remains

unclear. However, both future projections (Jetz

et al., 2007) and the current distribution of anthro-

pogenic threats (Davies et al., 2006) suggest that

areas that have been identified as rich in endemic

species and possible historical centers of clade

origin and speciation (Croziat et al., 1974; Ricklefs

& Schluter, 1993; Jetz et al., 2004) will be among

the hardest hit by continued negative human

impacts on biodiversity. While a proliferation of

vacant niches due to extinction and the formation

of barriers to gene flow (and increased potential for

reproductive isolation) due habitat fragmentation

may promote speciation in the future (Templeton
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et al., 2001), the lack of genetic diversity will very

likely inhibit it (Jablonski, 2001). If areas or clades

that have an elevated propensity to speciate are

lost then future diversitywill be impoverished not

only by impending extinctions but also by a

decline in speciation rate (Rosenzweig, 2001).

Avian diversity is, in common with the rest of

world’s biota, facing a bleak and uncertain future.
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Glossary

altricial Nestlings that are helpless and often

blind at hatching and require a period of intense

parental care.

alula Feathers associatedwith the fused remnants

of digit I in birds.

Alvarezsauridae A basal group in the Mani-

raptora, possibly a sister group to the

Ornithomimiosauria.

amniote A tetrapod animal whose egg is enclosed

by a specialized layer of tissue, the amnion.

angiosperm Plant that produces flowers and

enclosed seeds.

antorbital fenestra A large opening in the skull, in

front of the eye.

antorbital fossa A shallow trough on the dorsal

surface of the skull, in front of the eye.

archosaur Member of a lineage sharing a com-

mon ancestor with crocodylians and birds.

Shared characteristics include an antorbital

fenestra, mandibular fenestra, and a fourth

trochanter.

astragalus A small bone primitively situated at

the distal end of the tibia. Analog of the talus bone

in mammals.

avian theropod Member of the theropod dinosaur

lineage, conventionally the clade emcompassed

by Archaeopteryx and all its descendants.

Bayesian inference A statistical method in which

current information is used to update previous

parameters or hypotheses.

bipedality Locomotion that uses only the two

hindlimbs.

brachial index The ratio of the humerus to the

radius.

brood patch or pouch A featherless patch (or

pouch in penguins) found on the belly of many

birds that is richly supplied with blood vessels,

permitting the efficient transfer of bodyheat to the

egg during incubation.

calcaneum A small bone primitively situated at

the distal end of the fibula. Analog of the largest

tarsal bone in humans.

carpometacarpus Fused single bony element in

birds; remnant of the hand (metacarpals).

Carrier’s constraint The apparent inability of

squamosal animals that use sinusoidal locomo-

tion to breath and travel at the same time.

centromere A centromere is a region of DNA

typically found near the middle of a chromosome

where two identical sister chromatids come in

contact.

choanal position Located posterior and beneath

the brain case.

chondrified digit Cartilaginous stage in the for-

mation of a digit.

choristodere An order of Mesozoic semi-aquatic

diapsid reptiles that survived into the Miocene.

clade In phylogenetics, a branch that descends

from a single ancestor.

cladistics A method of determining the degree of

similarity among groups of organisms based on

the presence of shared derived features.

cnemial crest A vertical process on the anterior

surface of the knee derived from either the patella

or the tibia.

coelophysoid radiation Diversification of one

lineage of theropods dinosaurs in the Late Triassic

and Early Jurassic
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compsognathid A group of small theropods con-

temporary with Archaeopteryx.

coracoid In birds, an important strut-like bone

between the sternum and the shoulder.

Crocodylomorpha The lineage that includes cro-

codilians and their extinct relatives.

crurotarsal ankle The ankle joint as found in cro-

codylians inwhich the line of flexion lies between

the astragalus and the calcaneum (seemesotarsal).

cynodont Having teeth like a therapsid or their

descendants among modern mammals.

diachronous laying Production of a clutch of eggs

over a series of days.

dichromatism The existence of two distinct and

concurrent colorations in a species, usually

according to sex.

dimorphism The occurrence of different sizes

within a species, usually according to sex.

Dinosauromorpha The Dinosauria and their ear-

lier close relatives.

dispersal–vicariance analysis Relating the distri-

bution and phylogenetic relationships of birds to

continental drift and other geographic factors.

DNA–DNA hybridization A biomolecular

technique based on the tendency of closely

related samples of DNA to bond more thor-

oughly when mixed, than distantly related sam-

ples of DNA. A mixture containing closely

related samples will melt at a relatively high

temperature compared to a mixture of distantly

related samples.

Dollo’s law of irreversability (1893) Once a line-

age has lost a complex structure, it cannot be

regained.

Dromaeosauridae A family of theropods with a

variety of bird-like features.

ectothermy The dependence on external sources

for body heat.

Enantiornithes A sister group of the Ornithurae

that was abundant in the Cretaceous but has left

no living relatives.

encephalization quotient A numerical estimate

of the ratio of the relative brain mass to the

body mass.

endocast A model of an internal structure

achieved by injecting latex or a similar material

into the hollow space left by that structure.

endothermy The production and control of body

heat by physiological processes.

fenestra A relatively large opening in a bone.

foramen A relatively small hole in a bone, usually

for the passage of a nerve or blood vessel.

fossa A broad groove or trough on the surface of a

bone.

frame shift An embryonic process during which

the primordia of a reduced series of digits develop

in adjacent positions. If digit V is lost, digit I

develops in position II, digit II in position III,

etc. The theory being that birds have retained

manual digits I, II, and III but in positions II, III,

and IV.

furcula A structure composed of the fused

clavicles and the interclavicle bone in theropod

dinosaurs and birds. Commonly called the

wishbone.

gastralia Long, thin bones that lie across the abdo-

men of crocodiles and dinosaurs. They function as

free-floating ribs.

gastrolith A stone ingested to assist with the

mechanical reduction of food.

glenoid The mobile articulation between the

bones of the shoulder and the humerus.

Gondwana A continent in the Mesozoic that

included the land masses that are now Antarc-

tica, Australia, New Zealand, South America,

Africa, Madagascar, India, and parts of the

Middle East.

Graculavidae ACretaceous group of shorebirds of

uncertain affinity that share some characteristics

with modern Charadriiformes.

hallux Digit I of the hindlimb, often facing to the

rear in birds.

hepatic pump Respiration achieved by pulling the

liver headwards to compress the lungs (e.g.

crocodylians).

hexamer A series of six nucleotides.

homeothermy The maintenance of a stable body

temperature.
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homoplastic Possessing similarity in form and

structure but arising from discrete evolutionary

origins.

Hox genes Genes that control the embryonic

development of segmented structures such as

the manual digits.

hypantrum–hyposphen See hyposphene–

hypantrum

hypocleideum A flat piece of bone that grows

across the joint between the two clavicles in the

furcula or wishbone

hyposphene–hypantrum An interlocking articu-

lation between vertebrae in some nonavian dino-

saurs that improved the rigidity of the spinal

column.

interclavicle A bone lying between the ventral

tips of the clavicles. Fusion to the clavicles is

thought to produce the furcula in birds and a

ventral extension of this bone may appear as the

hypocleideum.

interclavicular angle In birds and nonavian ther-

opods, the angle formed by the two arms of the

furcula.

interdental plate A small, boney plate between

adjacent teeth.

intron Part of a gene that is not translated into a

protein.

K–Pg boundary The Cretaceous–Paleogene

boundary, formerly the Cretaceous–Tertiary

boundary, referring to the mass extinction that

marked the end of the Mesozoic.

LAG (line of arrested growth) A signal in the bone

that records a period of slower or arrested growth,

possibly in response to a seasonal change in diet or

food supply.

lift based swimming Swimming achieved by out-

ward thrusts of the feet, similar the action of a

kayaker.

limb bud condensation The formation of precur-

sors to cartilage in the early stages of developing an

embryonic limb.

LINE Long insertion of nucleotide elements into

the chromosome. Common in mammals but rare

or absent in birds.

lineage A group of organisms descended from a

single common ancestor.

“lumbar” vertebrae Birds lack distinctively

shaped vertebrae in the lower back but the mam-

malian term “lumbar” is used as a convenient

topographic reference.

mandibular fenestra Relatively large opening in

the bones of the lower jaw.

mandibular symphysis Fusion of components of

the lower jaw.

maniraptora A clade of Coelurosauria more

closely related to birds thanOrnithomimus velox.

manual formula see phalageal formula

medullary bone A calcium-rich formation in the

long bones of female birds that can be mobilized

for the production of eggshells.

melanosome An organelle within a cell, contain-

ing dark (light absorbing) pigments.

mesotarsal ankle joint The ankle joint found in

birds in which the line of flexion lies between the

metatarsals and other bones’ outer limb (see

crurotarsal).

metatarsal Long bone of the foot between the

digits and the ankle.

Metatheria A group within mammals that

includes marsupials and their fossil ancestors.

morphospace Essentially the envelope bounding

the possible shape or size of a particular feature or

organism.

Morse’s Rule When pentadactyl amniotes

undergo a reduction in the number of digits, the

outermost (V) and innermost (I) are the first to be

lost.

mosaic, evolutionary A tendency in some Meso-

zoic groups of birds to seemingly show characters

from several different living lineages.

neontological Relating to the sudy of living

animals.

Neornithes A clade that includes all the descen-

dants of the most recent common ancestor of the

living birds.

obturator notch A space between the posterior

edge of the ischium and the anterior edge of the

pubis.
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Ornithischia Dinosaurs with a hip structure sim-

ilar to that of birds but which are not related to

birds.

ornithodira A clade that includes the last com-

mon ancestor of the pterosaurs and the

dinosaurs.

Ornithurine birds Ernst Haekel’s group of

birds with modern-type tails; as opposed to the

Sauriae, Archaeopteryx-like birds with long

tails.

osteocyte lacunae Spaces in the bone that house

living cells (osteocytes).

outgroup In cladistics, organisms compared to the

organisms of interest (the ingroup) in order to

determine synapomorphies.

parapatric speciation Speciation achieved by

exploitation of a novel but contiguous niche.

paraphyletic A group that arose from a single

ancestor, but which does not include all the des-

cendants of that ancestor.

parasaggital stance A posture in which the

limbs are mounted at right angles to the sagittal

plane, the plane that divides humans into a front

and a back but other animals into a top and a

bottom.

paravian The first common ancestor of birds, dro-

maeosaurids, and troodontids.

parsimony analysis A statistical analysis that

tests the hypothesis that the smallest number of

character changes is most likely to be the correct

model for phylogenetic relationships.

pennaceous feather A feather supported by a

strong central rachis.

peripatric speciation Speciation based on the

successful exploitation of a novel and isolated

niche.

phalangeal formula A numerical method of

describing the phylogenetic significance of an

animal’s digits. The anterior digit is number one.

plantar surface Essentially the sole of the foot but

anatomically, the ventral or posterior suface.

plesiomorphic Primitive characters shared by

several different animals but derived from a com-

mon ancestor.

pneumatization The investment by air sacs of

hollow spaces in portions of the skeleton.

postaxial (as in postaxial cervical vertebrae)

behind the axis of the body

precocial Nestlings that can fend for themselves

upon hatching and require little or no parental

care.

primordia In the embryo, areas of cartilaginous

condensation that will eventually become a bony

structure.

pseudo-toothed birds Odontopterigiformes: large,

extinct seabirds with an array of sharp keratinous

projections along the tomia that somewhat resem-

ble teeth.

pubic fusion Fusion of the tips of the pubic

bones, creating a ring through which the egg

must pass.

pygostyle A series of fused terminal vertebrae. In

living birds it is plow-shaped and holds the recti-

gium, a bulbous structure that carries the tail

feathers (rectrices). Comparable structures appear

in some short-bodied, nonavian dinosaurs (e.g.

Nomingia) and in several lineages of Mesozoic

birds including the Confuciusornithidae and the

Enantiornithes.

Pygostylia An avian lineage whose synapomor-

phies include a pygostyle, the absence of a hypo-

sphene–hypantrum articulation, possession of a

retroverted pubis, and a bulbous medial condyle

on the tibiotarsus.

retroverted pubis pubis entirely tipped backwards

Saurischia see Ornithischia, lizard-like pelvis.

semilunate carpal A carpal in the wrist of Dei-

nonychus, recognized by John Ostrom in 1969 as

homologous with a fused structure found in the

wrist of birds.

septate lung The sac-like or sponge-like lungs of

reptiles and birds as opposed to the alveolar lungs

of mammals.

SINE Short insertion of nucleotide elements into

the chromosome. Fairly common in birds.

sister taxon A taxon derived from the same com-

mon ancestor.

speciose Having a large number of species.
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splitter plate In birds, an array of short tail feath-

ers that help to maintain the laminar flow of air

passing above and below the body.

stapedial morphology Characteristics of the

bones of the inner ear (stapes) used to support

the phylogeny of passerine birds.

streptostylic quadrate A quadrate with a move-

able hinge with the squamosal bone.

sympatric speciation Speciation achieved within

the current geographic range of the parent species.

synapomorphy Aderived feature that is shared by

all members of the group in question.

syringialmorphology Characteristics of the voice

box (syrinx) used to support the phylogeny of

passerine birds.

telomere A region of repetitive DNA at the end of

a chromosome, which protects the end from

deterioration.

Tetanurae An inclusive lineage of theropod dino-

saurs characterized by an enlarged manus loss of

the fourth and fifth digits of the hand, and a less

flexible tail. This clade includes all theropods

(including all modern birds) that are more closely

related to modern birds than they are to

Ceratosaurus.

thecodont 1.A group of primitive reptiles that has

been considered ancestral to birds.However, it has

nounifying features and is nowconsidered to be an

artificial assemblage. 2. Teeth set in sockets.

therizinosaur A clade of theropod dinosaurs char-

acterized by various features of the forelimbs,

skull and pelvis that place themasmaniraptorans,

close relatives to birds.

theropod One clade of bipedal saurischian dino-

saurs that encompasses all the meat-eating dino-

saurs up to, and including modern birds).

tomia Keratinous edges of the upper and lower

beak.

trochlea A deeply grooved or saddle-shaped artic-

ular surface.

troodontid A clade of small- to medium-sized

maniratoran theropod dinosaurs characterized

by long legs (compared to other theropods) and a

large, curved claw on a retractable second toe.

These dinosaurs are considered likely candidates

for the divergence of the avian lineage.

ultrametric tree A phylogenetic tree with equal

root-to-tip path lengths for all lineages, for exam-

ple one built with the assumption of a molecular

clock.

uncinate process A bony process that extends

caudally from the middle region of a dorsal rib.

wing loading The ratio of body weight to the

lifting surface created by the wings and the body

surface between them.

X-ray tomography An X-ray technique that uses

digital geometry to generate a three-dimensional

image of the inside of an object.
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Index

Pl. denotes colour plates

A. O. U. Checklist, 123, 124,

Abelisauridae, 14

Acanthisitta chloris, 382

Acanthisittidae, 244, 246–7, 249

Accipiter nisus, 387, 395

Accipitridae, 198, 268, 296, 330, 334

Acetabulum, 12, 78–9

Adelie penguin, 394

Aegolius funereus, 290

Aepyornis maximus, 187

Aepyornithiformes, 187

Aerial maneuverability, 209, 259, 261, 270–3,

341, 359, 364, 368, 370, 372

Aerodynamics, 359, 364, 371–2

Africa, 157, 176, 201, 240, 246 to 249

Air sacs, 9, 13, 19, 33–5, 38, 43

Air speed, 357, 364, 367, 369–372

Alaudidae, 239

Albatross, 382

Alcidae, 169, 174, 355, 359, 362, 366–9; Pl. 15.1

Alectoris chukar, 263–5; Pl. 10.1

Allosauroidea, 14, 15, 22,

Allosaurus, 14, 15, 22, 35; Pl. 1.4

allozyme, 243

Altricial young, 5, 59,

Alula, 44–5, 47, 49, 58–9, 71, 77–8, 81, 172–3, 225

Alvarezsauridae, 16

Ambiortus dementjevi, 60, 69,

Anas platyrhynchos, 69, 275, 285, 289

Anchiornis huxleyi, 5, 16, 17, 42, 45

Ancinus longus muscle, 362

Andalgalornis, 194

Andropadus. 393

Angiosperm plants, 37

Anhimidae, 128, 219, 223–4

Anhinga, 356, 365

Anhingidae, 219, 356, 365

Ankylosis, 74, 360

Anous, 365

Anseranas semipalmata, 128, 191, 215, 218

Anseriformes, 5, 7, 123, 128, 131, 149–152, 187,

194, 211, 214, 218–20, 223, 307–8, 339, 342–6,

348, 355–6, 359, 360, 362, 365, 371, 373, 386;

Pl. 0.1

Antarctica, 6, 55, 66–7, 155, 157, 166, 173–4, 176,

179 ,211, 220, 235, 246–7, 339, 394

Anthropornis nordenskjoeldi, 157, 159, 174

Anthropornithinae, 165

Antorbital fenestra, 201

Antorbital fossa, 14

Apodiformes, Apodidae, 149, 151–2, 268, 308,

346–7, 357

Apsaravis ukhaana, 5, 66, 69, 70, 213,

Aptenodytes forsteri, 155, 159, 161, 168, 173, 394

Apteryx, 285, 291, 292, 297

Aptornis, 129

Apus apus, 372

Aquatic birds, characteristics of, 355–360, 365,

368, 371, 373

Ara, 286

Aramidae, 196

Archaeopteryx lithographica, 3, 5, 6, 9, 11, 13, 14,

17, 18, 21–4, 35, 39, 40, 42–3, 45–7, 49, 51–2, 54,

59, 60–1, 67, 69, 71, 128–9, 146, 293–4, 296, 298,

306–7; Pl. 0.1, 1.1, 1.4

Archaeorhynchus spathula, 60, 61, 63, 69, 70

Archosaur, 9, 10, 40, 283

Ardeiformes, Ardeidae, 219, 356

Argentina, 12, 16, 18, 32

Argillornis, 212

Arrested growth, line of (LAG), 43, 44, 59, 60

Asiahesperornis, 67
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Asio, 289

Astragalus, 9, 22, 58, 80

Asymmetrical feathers, 5, 46; Pl. 1.2

Asymmetrical skull, 289, 290

Atmospheric composition, 30, 31, 32, 36–8, 342

Auditory sensitivity, 290

Auk, 355, 359, 362, 366–9

Auklet, rhinoceros, 174, 370

Australia, 159, 173, 176, 178, 187, 194, 239, 240,

243, 244, 246–9

Australian babbler, 240

Aves, class, 11, 14, 40, 41, 44–5, 59, 71, 77, 80, 81

Avialae, 293, 296, 299

Avian theropod, 11

Azerbaijan, 210

B-fibrinogen (beta fibrinogen) gene, 342

Babbler, 240, 248–250

Balaeniceps rex, 356

Balance, sense of, 292, 296

Baptornis advenus, 67, 69

Baptornis varneri, 69

Baptornithid, 67, 69

Barn swallow, 268, 270

Barred antshrike, 329

Baryonyx walkeri, 54

Bathornithidae, 193

Beak, 40, 49, 50, 54, 59

BEAST program, 314, 315

Bee hummingbird, 266

Beipiaosaurus inexpectus, 42

Berner oxygen curve, 32, 36

Biomolecular clock (times of

divergence), 306–318, 320, 331, 346–8

Biomolecular tapestry of Sibley and Ahlquist, 4,

307, 355–9

Bipedal gait, 12, 32–5

Bird of paradise, 239

Black-billed magpie, 267

Blue tit, 266

Blue-breasted quail, 395

Body mass, size, or weight, 14, 67, 157, 169, 171,

173–4, 187, 259, 263–8, 270–1, 274, 282–3,

296–7, 367, 371, 384–7, 389, 396

Body plan, 10, 31–3, 67, 168, 171

Bombycillidae, 241

Bone strain, 259, 260

Bowerbird, 239

Brachial index, 368, 372–3

Brachyramphus marmoratus, 370–1

Brain, evolution, 282, 283, 293, 295–7

Brain, size, shape, 21, 25, 45, 218, 282–3, 285, 293,

296–9

Brontornis burmeisteri, 191, 194, 195, 199, 200

Brood patch, 362

Buceros bicornis 372

Budgerigar, 267–8

Buitreraptor, 18

Burhinus oedicnemus, 330

C-mos nuclear oncogene, 347

C-myc nuclear gene, 247, 342

Calcaneum, 58, 80

Callaetidae, 246

Caloric density of prey, 371

Canada, 211

Caprimulgformes, 149, 346–7

Carcharodontosaurid 14

Cariama cristata, 192, 200

Cariamae, 192, 193, 201, 339

Cariamidae, 192–4, 201, 237

Carnosauria, 14

Carnotaurus, 14

Carpometacarpus, 5, 58, 78, 172, 216–8, 221,

224–6

Carrier’s constraint, 32, 33

Caspiodontornis kobystanicus, 213

Cassin’s auklet, 363, 364

Cassowary, 393

Casuarius casuarius, 393

Cathartes aura, 285, 291, 373

Cathartidae, 131

Cathayornis yandica, 67

Caudipteryx zoui, 16, 42

Central America, 211

Cerabavis cenomanica, 295

Ceratopsian, 13

Ceratosauria, 13, 14, 19, 23, 44

Cerorhinca monocerata, 174

Chaetopidae, 246–8

Chalcides, 23

Changchengornis hengdaoziensis, 50, 69

Charadriidae, 355, 357, 359, 362, 364–5, 368–9

Charadriiformes, 236, 365
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Chat, 240

Chelidorhynx, 248

Choanal position, 18

Choristodere, 15

Chromosomal inversion, 329, 331

Chukar partridge, 263–265; Pl. 10.1

Chunga incerta, 201

Ciconiiformes, 131, 132, 168, 238, 356

Cinclidae, 359, 368

Circus cyaneus, 268

Citipati osmolska, 20, 42–3

Cladistic analysis, 5, 10, 40, 44, 45, 48, 57, 68, 118,

170, 219, 236, 238–9, 306

Cladogenesis, 238, 241

Clavicle, 9, 12, 13, 196, 197, 199, 202, 226

Climacteridae, 246

Climate change, modern, 381–2, 389, 393–7

Clutch size, 20, 21

Cnemial crest, 59, 66, 80

Cnemophilidae, 246

Coal tit, 395

Cochlear duct, 290

Codon insertion, 247

Coelophysoid, 12, 13

Coelurosauria, 14–6, 18, 21, 23, 24

Coliiformes, 236, 362

Collectorship, 146, 148–150, 153, 156, 166,

308, 339

Columba livia, 261, 268, 272, 276

Columba palumbus, 268

Columbiformes, Columbidae, 151, 182, 236, 267,

370, 382

Community Temperature Index (CTI), 394

Compsognathidae, 15

Compsognathus, 9, 306

Concornis lacustris, 69

Confuciusornis dui, 49

Confuciusornis sanctus, 6, 13, 16, 18–21, 44, 47,

49, 50–2, 54, 59, 69, 70–1, 79 129, 307; Pl. 1.1

Confuciusornithidae, 49, 50–2, 54, 59, 69, 71;

Pl. 0.1

Conservation issues, 383–4, 387, 389, 397

Convergence, evolutionary, 123, 127, 128

Coot, 368

Coraciiformes, 236, 244, 358

Coracoid, 6, 45, 47, 50, 52, 58, 60, 75, 76, 159, 162,

171 202, 361

Cormorant, 284, 355–6, 360, 362, 365–8

Coronaves, 342

Corvida, Corvidae, corvoid lineage 239, 243–4,

246, 249, 287

Corvidae, 239, 287

Corvoid lineage, 244, 246, 249

Coturnix chinensis, 266

Cracidae, 387

Creagrus, 365

Cretaceous mass extinction, 3, 5, 146, 149, 152,

175, 338, 342–6; Pl. 0.1

Cretaceous, Early, 5

Cretaceous, Mid, 5, 6

Crimson rosella, 330

Crocodilian, 11, 12

Crocodylomorph, 24, 40

Culmen, 240

Cyanistes caeruleus, 395

Cygnus olor, 266

Cyphornis magna, 212, 360

Dabeigou Formation, 50

Dalianraptor cuhe, 47, 67, 69, 70

Dapingfangornis, 58

Darwin, Charles, 3, 9

Darwin’s finches, 235

Dasornis emuinus, 211–2, 216

Dasornis toliapica, 209–212, 215–6, 218; Pl. 8.1

Dasornis, 213, 218

Dating5 program, 315

Dawn robin, 240

Decarboxylase gene, 342

Deccan Traps, 342

Deinonychosauria, 9, 16, 17, 18, 24, 45

Deinonychus, 3, 5, 9, 16, 17, 18, 24

Delichon urbica, 268, 270

Delphinornis, 158, 165

Deltopectoral crest, 50, 54, 77, 260–2, 273

Dendrornithes, 358–9, 362, 372

Dentary teeth, dentaries, 47, 65, 73

Devincenzia pozzi, 195

Diachronous egg-laying, 20

Diatrymiformes, Diatrymidae, 129, 187

Diencephalon, 284–6, 298

Dilong paradoxicus, 42

Dilophosaurus, 12

Dinornithiformes, 341
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Dinosauria, 12

Dinosauromorph, 12

Diomedea, 285, 366

Diomedeidae, 218

Dipper, 359, 368

Dispersal-vicariant analysis, 247

Diving-petrel, 362, 366–9, 371–2

Diving, foot-propelled, 366–8

Diving, wing-propelled, 155, 168–9, 171–4, 359,

367–9, 372, 373

DNA hybridization, DNA-DNA

hybridization, 118, 119, 123, 132, 137, 168, 236,

238–9, 242, 244–5, 250, 356

DNA sequence analysis, 236, 243–5, 247, 250,

307–8, 316–8,

DNA structure, 310

DNA, mitochondrial, 4, 219, 220, 243, 310,

314, 318

DNA, nuclear, 4, 236, 243–5, 308

Dollo’s Law, 9

DPC (see deltopectoral crest), 262

Dromaeosauridae, 9, 16–8, 40, 45–7, 49

Dromaius novaehollandiae, 290

Dromornis stirtoni, 187

Dromornithiformes, Dromornithidae, 129, 187,

194, 218

Dydactylornis jii, 52, 54, 69

Echolocation, 291

Ectopterygoid, 14

Ectothermy, 35, 36

EDGE program (Evolutionary Distinct Globally

Endangered), 384

Efficiency, flight, 360, 364, 369, 372

Egg content, 362

Egg size or volume, 59, 360, 362, 367, 370–1

Egg white proteins, 239

Egg, 39, 42, 43, 59; Pl. 1.3

El Brete, 59

Electromyography, 259–261, 269, 270, 273,

Electrophoresis, 239

Elminia, 248

Elsornis keni, 57, 69, 71,

Embryo, fossil, 42, 59,

Emperor penguin, 155, 157, 173–4, 179

Enaliornis baretti, 67, 69, 295

Enantiophoenix electrophyla, 59

Enantiornis leali, 58,

Enantiornithes, 6, 43, 54–60, 69, 70–1, 148, 307,

344, 349; Pl. 0.1

Encephalisation quotient, 298

Endocast, 293–6

Endothermy, 35, 36

Eoalulavis hoyasi, 59, 69, 70, 76

Eoaves, 356

Eocathayornis walkeri, 69

Eoconfuciusornis zhengi, 50, 54, 69

Eoenantiornis buhleri, 69, 76

Eoraptor, 12, 13; Pl. 1.1

Eospheniscus, 165

Epidendrosaurus, 46

Epidexipteryx, 45

Erpornis, 249

Eudyptes chrysocome, 156, 178

Eudyptes filholi, 156

Eudyptes moseleyi, 156

Eudyptes pachyrhynchus, 173

Eudyptes, 168, 174, 178

Eudyptula albosignata, 156

Eudyptula minor, 156, 165, 168–9, 173

Eupasseres, 247

Eupetes macrocerus, 247–8

European starling, 270

Eurylaimidae, 239

Eurypyga, 357

Evolutionary rate, 126, 130, 133, 308–9, 314

Explosive evolution, 146

Extinction, modern risks of, 178–9, 381–2,

384–7, 389

Extinction, modern, consequences of, 383, 389,

391–2, 397–8

Eye, 286–9, 292–3, 298

Facial bones, characteristics of, 11

Falcon, 237, 362

Falconiformes, Falconidae, 198

Feathers, 3, 4, 15, 41, 42, 45–7, 52, 58–9, 61, 81

Femur, 12, 59, 78–9, 195, 203, 225, 227

Fibrolamellar bone, 59

Ficedula hypoleuca, 395

Flamingo, 357

Flappig flight, 259–263, 267–276

Flight control, 15, 17, 21, 23

Flight efficiency, 60, 360, 364, 369, 372
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Flight techniques, evolution of, 259–267, 357,

359, 369, 371

Flight, bounding, 267–270

Flight, intermittent, 268–270

Flocculus, 285, 287, 292, 294, 297–8

Flycatcher, 240, 244, 248

Fossil acquisition rate, 146, 148–150, 153, 165

Fossil mosaics, 129

Fossil record, characteristics of, 129, 146–153,

306, 308–9, 318, 338

Frame shift, 23, 44

Fregata, 227, 355–6, 360–2, 364, 371–2

Frigatebird, 355–6, 360, 361–2, 364, 371–2

Fringillidae, 239, 240, 249

Fulica, 368

Fulmar, 366

Fulmarus, 366

Fur Formation, 339, 340

Furcula, 3, 12, 16, 22, 40, 52, 54, 58, 60, 71, 75–6,

261–2, 360–1, 368

Fused bones, foot, 5

Fused bones, hand, 5

Gadfly petrel, 366

Gadow, Hans, 235

Galapagos Islands, 235

Galliformes, 128, 149, 152, 214–7, 219, 221, 223,

267, 275, 326, 340, 342, 344–8

Gallinago, 284

Gallirallus australis, 195

Galloanserae, Galloanserinae, 4, 128, 152, 219,

260, 341–2, 344, 346, 357–9

Galloanserimorphae, 117, 126

Gallus gallus, 69, 243, 326, 328, 332–3

Gannet, 209, 355, 360, 368

Gansus yumenensis, 5–7, 64–6, 69, 70

Gap analysis, 149–153

Gaps in fossil record, 307, 308

Gastralia, 12, 13, 51, 75

Gastrolith, 54, 63, 129, 187, 194, 339

Gaviiformes, 166, 168, 236, 339, 355, 360, 363–5,

367, 371

Geiseltal deposits, 339

Gene length, 326, 332–3

Genetic distance, 240, 243

Genome size, 325–6, 328–9, 331–3; Pl. 13.1, 13.2

Genomic analysis, 334, 357

GEOCARB program, 31

GEOCARBSULF model, 31, 32, 36, 37

Ghost lineage, 153

Giganotosaurus, 14

Gigantornis, 212

Glenoid, 47, 75

Global warming, 179, 382, 389, 390, 393–7

Goatsucker, 149

Gobi Desert, 16, 57, 59

Gobipteryx minuta, 58, 59, 69, 71

Gondwana, 14, 18, 47, 49, 244, 246–7, 340

Graculavidae, 6, 339

Great auk, 297, 366, 368–9

Great hornbill, 372

Great tit, 395–6

Grebe, 66, 71, 355–7, 360, 363, 366–7, 369

Green River Formation, 146, 339, 340

Greenbul, 393

Growth, arrested or interrupted (see LAG), 19, 20,

43, 44, 59, 60

Gruiformes, 236

Guanlong, 13, 14; Pl. 1.1

Gull, 355, 362, 365, 368

Hadrosaur, 9

Hallux, 45, 47, 48, 49, 51, 81

Hawaiian honeycreeper, 235

Hawk, accipiter, 268

Hebei Province, 55

Hebeiornis fengningensis, 69

Heilmann, Gerhard, 3, 9

Hell Creek, 55

Hennig, Emil Hans Willi, 118

Hepatic pump, 24

Herrerasaurus, 13

Hesperornis regalis, 6, 39, 43, 66, 67, 69, 70, 147,

166, 213, 220–3, 295, 306

Hesperornithiformes, 66, 67, 69, 70, 71, 359, 367

Higher land bird assemblage and relate

concepts, 149, 236, 239, 248

Hindbrain, 286–7

Hirundinidae, 268

Hirundo rustica, 268, 271

Hirunidae, 239

HLS2000 program, 315

Hoatzin, 357

Hollanda luceria, 43, 65, 69
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Homeothermy, 18

Homology, 124–6, 131, 133, 135

Homoplasy, 121, 124–6, 133

Hongshanornis longicresta, 60–1, 69, 71

House martin, 268, 270

House sparrow, 330

Hovering, 259, 266, 270–1, 273–6; Pl. 10.2

Hox gene, 4, 28

Humerus, 45, 47, 50–2, 54, 57–8, 60, 75–78, 171,

202, 209, 211, 213–7, 220–6, 228, 260–1, 368–9,

372–3

Humerus, flattened, 171, 368–9, 372–3

Hummingbird, 149, 169, 266, 273–6, 369, 393–4;

Pl. 10.2

Huxley, Thomas Henry, 3, 9, 165

Hydrobatidae, 364

Hyliota, 247

Hypantrum-hyposphen, 12

Hypapophysis, 362–4, 373

Hypocleideum, 24, 52, 76

Hyposphen-hypantrum, 12

Hypotarsus, 67, 81, 223

Iberomesornis romerali, 69

Icadyptes salasi, 162, 166, 167, 172–3,

Ichthyornis dispar, 5, 6, 39, 66, 69, 70, 147, 306

Idiornithidae, 193, 201,

Ilium, 54, 60, 78–9

Incubation, 362, 370

Inner ear labyrinth, 290

Insulation, 365

Interclavicle, 13

Interdental plates 22, 24

Ischiadic apron, 14

Ischium, 41, 54, 60, 73, 79, 198

Isochore, 326, 332–3

Japan, 210, 212

Jay, 239

Jehol Formation, 5, 47, 50, 52, 57, 59, 70–1

Jeholornis prima, 5, 18, 47–50, 52, 67, 69, 70

Jeholornithidae, 46–7

Jianchangornis, 60

Jinfengopteryx elegans, 48, 70

Jiufotang Formation, 32, 40, 47–9, 52–4,

62, 63

Jixiangornis orientalis, 47–8, 67, 69

Judinornis, 67

Jurassic, Mid, 5

K-Pg Boundary (see Cretaceous mass

extinction), 3, 338–9

Kelenken guillermoi 199

Kagu, 357

Kakapo, 297

Kazakhstan, 67, 210

Keeled sternum, 5, 51, 58, 60, 71, 74

Kiwi, 285, 291–2, 297

Kneecap, ossified, 18

La Meseta Formation, 43, 44, 59, 60

LAG (line of arrested growth), 191

Lagerpeton, 12

Lamarckianism, 128

Lance Creek Formation, 67

Laniidae, 239

Larus novaehollandiae scopulinus, 396

Larus, 285–6, 355, 362, 365, 368

Laurasia, 18

Lectavis, 57, 71

Liaoningornis longidigitrus, 69, 70

Lift-based swimming, 360

Limenavis patagonicus, 69

Limusaurus inextricablis, 44

LINE (long interspersed nuclear element), 327

Lithornis, 341

Lithornithidae, 339

Lonchodytes, 7, 67

London Clay, 146, 339

Long-branch attraction, 125, 126,

Longicrusavis houi, 69

Longipterygidae, 70

Longipteryx chaoyangensis, 57, 69

Longirostravis hani, 57, 69, 71

Longisquama, 24

Loon, 339, 355, 360, 363–5, 367, 371

Lyrebird, 239, 243

Macaw, 286

MacClade program, 130

Macrochromosome, 328 to 333

Macrodontopteryx oweni, 212

Madagascar, 31, 32, 187

Magnetoreception, 292–3
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Majungatholus, 14

Mancallinae, 359, 366, 368–9

Mandibular symphysis, 58, 73, 220, 227

Maniraptora, 15, 16, 20–4, 39–45, 48–9, 298

Manual formula, 3, 12, 13, 22–3, 43–4, 48, 54, 58,

71, 78 ; Pl. 1.1

Marbled murrelet, 370, 371

Marine birds, characteristics of, 360–4

Marine dinosaur, 359, 364

Marples, Brian John, 166

Marplesornis novaezealandiae, 161, 167

Martinavis, 57

Mass extinction, 3, 5, 30, 32, 36, 37, 38, 338–9

Maxillary fenestra, 14

MCMCtree program, 315

mDNA, mtDNA , see DNA, mitochondrial

Medullary bone, 19

Melanocharitidae, 246, 372

Melanosome, 15, 42

Meleagris gallopavo, 266

Meliphagoidea, Meliphagidae, 246, 275

Mellisuga helenae, 266

Mendellian genetics, 118

Menuridae, 239, 243, 246

Mergini, 365

Mesembriornis, 194, 200

Mesembriornithidae, 196

Mesencephalon, 282–3, 286, 295–6

Mesites, 384

Mesitornithidae, 384

Mesotarsal ankle joint, 12

Messel Formation, 146, 339, 340

Messelornithidae, 339

Metacarpal, 54, 65, 77, 78, 217–8, 221, 224–6

Metaves, 342

Microchromosome, 326, 328–333

Microraptor gui, 6, 17; Pl. 1.2

Microsatellite, 327

Molecular clock, see biomolecular clock

Molecular substitution models, 312, 316–7

Mongolia, 3, 5, 6, 7, 17, 19, 40, 42, 60, 65, 67, 339

Morocco, 210–2, 218

Morphological characterists of birds,

external, 240–1

Moult, 360, 365

Mousebird, 362

mRNA, see RNA, messenger

Multidivtime program, 315

Multigene families, 332–4

Murre, common, 169

Murre, Thick-billed, 169, 174

Muscicapidae, 239, 240

muscle fiber, fast twitch, 259

Muscle fiber, slow twitch 261

Mute Swan, 266

Natatores, 358–9, 362, 371–2

nDNA, see DNA, nuclear

Nectariniidae, 248, 275

Neoaves, 152, 153, 214, 219, 357, 362

Neodontornis stirtoni, 213

Neogaeornis wetzeli, 67, 339

Neognathae, 219, 220, 295, 297, 357

Neornithes, 6, 146–9, 152, 153, 338, 363

Neosittini, 240

Neptuniavis minor, 212

Nestling care, 5

Nests, 5, Pl. 1.3

Neuquenornis volans, 57, 58, 69

New Mexico, 12

New World vulture, 285, 291

NewZealand, 159, 165–6, 168, 174, 176, 178, 210,

244, 246–7, 389, 391–2, 396

Nigeria, 211–2

Nineteenth century concepts, 306, 307

Non-avian maniraptoran, theropod, 46, 54, 73,

297–8; Pl. 1.3

North America 193, 194, 201

Northern harrier, 268

Numenius gypsorum, 294–5

Nuthatch, 239, 240

Nyctibius, 357

Occipital condyle, 57–8, 223

Oceania, 389, 391, 392

Oceanodroma castro, 356

Oceanodroma leucorhoa, 356

Odontoanserae, 214–6, 220, 223

Odontopterigiformes, 209–214, 218–220, 339,

341–2, 345–6, 348–9, 360

Odontopterigiformes, skeletal characteristics

of, 220–8

Odontopteryx toliapica, 212, 294

Odontornithiformes, 39
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Oilbird, 288, 291

Olfaction, 285, 291

Olfactory bulb, 285, 291, 295, 297

Opisthocomus hoazin, 357

Origin of birds, 9–12, 18–29, 39, 40, 44, 45, 146

Origin of dinosaurs, 32, 33

Origin of flight, 259, 262–5

Origin of Neornithes, 340, 346, 348; Pl. 0.1

Origin of passerines, Passerida, etc., 237–9,

244, 246–9

Ornithischia, 12, 37

Ornithodira, 11, 12

Ornithodiran foot, 12

Ornithomimosaur, 15

Ornithopod dinosaur, 9, 12

Ornithothoraces, 69, 70, 71

Ornithurine bird, 5, 6, 7; Pl. 0.1

Ornithuromorpha, 43, 47, 52, 54, 60, 61 to 65, 66,

67, 69, 70, 71

Orthonychidae, 246

Oscines, 235–240, 243–4, 246–250

Osmotic balance, 360, 361, 365

Osteocyte lacunae, 19

Osteodontornis orri, 210–3, 218

Ostrom, John H., 3, 9, 10

Otogornis genghisi, 69

Outgroup, 357

Ouzel, 359, 368

Oviraptorosaur, Pl. 1.3

Owen, Richard, 3, 9

Owl, 149–153, 290

Oxygen levels, 30–4, 36, 37

Pachydyptes, 160, 165

Pachyptila, 366

Palaeeudyptinae, 158–9, 160, 165

Palaeochenoides miocaenus, 213

Paleocene, 5, 210–3, 218, 338–9, 343, 346–350

Paleogene, 5, 338–345; Pl. 0.1

Paleognathae, 4, 187, 214–7, 219, 220, 339, 341–2,

344–6, 349, 357–9, 362

Paleopsilopterus itaboaensis, 191

Palintropus, 7

PAML program, 315

Pansphenisciformes, 165, 169, 175

Paradisaeidae, 239

Parahesperornis alexi, 67, 69

Paraphysornis brasiliensis, 194–7, 199, 200, 201

Paraprotopteryx, 58

Paraptenodytinae, 162–3, 165–6, 170, 173

Parasagittal gait, 5, 12

Paraves, 16, 17, 18, 23, 24

Pardirallus, 196

Parental care, 43, 59, 360, 371

Parrot, 237–8, 298

Parsimony, 10,68, 118, 120, 123–7, 130, 132–6, 213

Parus ater, 395

Parus major, 395–6

Passer domesticus, 330

Passeri, 238

Passerida, 239, 243–4, 246–9

Passeriformes, Passeridae, 149, 238, 241, 285,

287, 290–1, 296, 358

Passerine birds, diversity of, 235–242, 246–9

Patagopteryx deferrariisi, 12, 20, 43, 60, 69, 71

Patagornis marshi, 197–9

PATHd8 program, 310, 315

PAUP program, 191, 213–4

PCR analysis, 243

Pedopenna, 5, 17; Pl. 1.2

Pelagornis, 211–3

Pelagornithidae, 209, 211, 219, 359, 360, 369;

Pl. 8.1

Pelecaniformes, Pelecanidae, 120, 123, 149, 151,

152, 168, 211, 218–9, 227–8, 236, 355, 357,

360–2, 368

Pelecanoididae, 226, 362

Pelecanus, 361

Pelican, 361

Pengornis houi, 55, 59, 69

Penguin, 67, 155–186, 355, 357, 366–8, 372

Penguin, emperor, 155, 157, 173–4, 179

Penguin, Galapagos, 155–6, 179

Penguin, king, 155–7

Penguin, little blue, 156, 165, 173

Penguin, rockhopper, 156, 165

Peru, 211

Perudyptes devrisi, 167

Petroicidae, 240, 247–8

Phaeton rubricauda, 286, 295

Phalacrocoracidae, 219

Phalacrocorax, 284

Phalangeal formula, 3, 12–3, 22–3, 43–4, 48, 54,

58, 71, 78; Pl. 1.1
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Phalarope, 355

Phalaropidae, 355

Phasianidae, 382, 384, 387

Phasianus colchicus, 261

Pheasant, 261

Phenotypic diversity, plasticity, 382–4, 389,

393–7

Phoenicopteriformes, 122, 131

Phorusrhaciformes, Phorusrhacidae, 129,

187–203, 339

Phorusrhacus longissimus, 187, 200

PhyBayes program, 315

Phylogenetic analyses, biomolecular, 4, 118–128,

130–6, 152, 166, 168, 170, 236–8, 338–341,

344, 346

Phylogenetic analyses, characteristics

of, 117–122, 124–132, 228–9, 340–1

Phylogenetic analyses, failure toperform, 118, 136

Phylogenetic analyses, morphological, 4, 152,

165, 166, 168, 170, 211–4, 219, 228, 236, 239,

240–1, 244, 250, 338, 340–2, 355

Phylogenetic divergence, 127, 168–9, 173, 175,

346–7

Phylogenetic hypotheses, 117, 120, 123–127, 131,

133, 134, 135

Phylogenomics, 334

Picathartidae, 246

Piciformes, 132, 149, 236, 358

Pied flycatcher, 395

Pinguinus impennis, 297, 366–7

PIV (Particle imagery velicometry), Pl. 10.1

Plotopterid, 359, 369

Plover, 368

Pneumatization, 9, 13, 14, 16, 19, 25, 33–9, 58,

73–4, 76, 209, 211, 220, 360

Podicipediformes, 66, 122, 123, 131, 236, 355,

360, 363–4, 369, 371

Polarornis gregorii, 339

Polytomy, 342

Pomatostomidae, 246

Pontine flexure, 21

Porphyrio mantelli, 195

Postorbital, 57, 60, 71, 72

Potoo, 357

Pre-cladistic analyses, 306, 307

Precocial young, 43, 59, 357, 362

Presbyornithidae, 6

Pretibial bone, 23

Prion, 366

Procariama simplex, 149–153, 166, 168, 171–2,

175, 211, 218, 236, 355, 362, 364, 366, 368, 369,

371, 382

Procellariiformes, Procellariidae, 191, 194, 195,

198, 199; Pl. 15.1

Procnias tricarunculata, 393

Procoracoid, 58, 60, 75

Promaxillary fenestra, 14, 72

Pronation, 372

Propatagium, 52, 65

Prophaeton shrubsolei, 294

Proprioception, 292

Prosauropod, 13

Proscelsterna, 365

Protoarchaeopteryx robusta, 42

Protoavis, 25, 293–4

Protopteryx fengningensis, 58, 69

Pseudodontornis, 213

Psilopterinae, 191, 192

Psilopterus affinis, 191, 192, 194, 195, 197–9

Psilopterus australis, 195

Psilopterus bachmanni, 200,

Psittaciformes, Psittacidae, 237, 285–7

Psophiidae, 196

Pterodroma, 366

Pteroicidae, 246

Pterosaur, 6, 12

Pteruthius, 249

Ptilorhynchidae, 246

Ptychoramphus aleuticus, 362, 364

Pubic fusion or symphysis, 5, 20, 21,45, 52, 79

Pubis, pubes (see also retroverted pubis), 9, 40, 45,

47, 79, 197

Puffinus, 362. 366; Pl. 15.1

Punctuated evolution, 130, 241

Pygoscelis adeliae, 161, 163, 174, 179

Pygoscelis antarctica, 174

Pygoscelis tyreei, 167

Pygostyle, 5, 41, 49–54, 60, 63, 66, 74, 75,

326–4

Pygostylia, 6, 49–54, 58–60, 67, 69–71

Quadratojugal, 227

Quadrupedal stance, 12,

Quercy Chalks, 146
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r8s program, 315

RAG-1, RAG-2 genes, 246, 249, 346–7

Rahonavis ostromi, 5, 18, 46, 47, 49, 50, 67, 69, 71

Rail, 359, 368

Rajasaurus, 14

Ralliformes, Rallidae, 196, 355, 359, 368, 384

Rallus, 196

Rapaxavis pani, 57, 69, 71

Rapid radiation model, 146

Raptoral birds, 362

Rate of molecular change, 306, 308–318

Raven, 239

Rectricium, 63

Red-billed gull, 396

Regulus regulus, 290

Remiornithidae, 339

Respiration, 9, 12, 13, 15, 18, 32, 33, 38

Respiratory efficiency, 18, 19, 33

Retina, 286–9, 293, 298

Retroverted pubis, 9, 40, 45

Rheidae, 217, 219, 221–3, 227–8

Rhipidura hypoxantha, 248

Rhombencephalon, 285–7

Rhynochetos jubatus, 357

Rifleman, 382

Rock dove, 261, 268, 272, 276

Rock wren, 382

Rockfowl, 247–8

Rocks vs. clocks debate, 306–8

Romer’s Gap, 32

Rooting, 126, 127

Rose-coloured starling, 270

Rufous hummingbird, 266, 274, 394

Salt glands, 360–1, 365

Sandpiper, 291–2, 368

Sapeornis chaoyangensis, 18, 52–4, 67, 69, 70

Sapeornithidae, 18, 49, 52, 54, 67, 69, 70

Saurischia, 12, 34–7

Sauropodomorph, 12, 35

Scapula, 6, 45, 47, 52, 58, 60, 75–6, 171, 221, 227,

259, 261

Scapulocoracoid, 50

Scolopacidae, 291–2, 368

Scolopax rusticola, 289

Screamer, 219

Seabird characteristics, 285–7, 364–5

Seed dispersal, 389, 391–3

Selasophorus rufus, 266, 274, 394

Semilunate carpal, 16, 45, 77, 78

Septate lung, 33

Seriema, 237

Sex chromosome, 326, 328, 331–2

Sexually dimorphic, 52

Shanweiniao cooperorum, 69

Shearwater, 362, 366, 368, 371; Pl. 15.1

Shenqiornis mengi, 56, 59, 69

Shenzhouraptor sinensis, 47, 67, 69

Shorebird, 152, 339, 343, 345, 349

Shrike, 239

Simpson, George Gaylord, 165–6

SINE (Short Interspersed Nucleotide

Element), 126

Sinornithosaurus milleni, 13, 42; Pl. 1.1

Sinosauropteryx prima, 15, 42, 129

Sittela, 239

Sittidae, 240

Skeletal architecture, 360, 362–4

Skull, characteristics of, 11, 13, 45, 50, 52, 57, 60,

72, 210, 212, 215

Solnhofen, 340

Songlingornis linghensis, 69, 70

Sonomicrometry, 259, 260, 268, 269

South America, 161–2, 166, 173, 176, 187, 191

Sparrow hawk (European), 395

Speciation, parapatric, 356

Speciation, peripatric, 357

Speciation, sympatric, 358

Species loss, modern, 381–398; Pl. 16.1

Speed, aerial, 364, 369, 370–1

Sphenisciformes, Spheniscinae, 155–186, 236,

339, 341, 347, 355, 357, 366–8, 372

Spheniscinae 165

Spheniscus megaramphus, 167

Spheniscus mendiculus, 155–6

Spheniscus muizoni, 163, 166, 175

Spheniscus urbinai, 296

Spinosauroidea, 14, 54

Spinosaurus, 14

Splitter plate, 364, 372

Stall, 372

Stapes, 244, 290

Statistical analyses, characteristics of, 120–2,

132–135,
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Steatornis caripensis, 288, 291

Steganopdes, 218–9

Stenosteridae, 248

Sternal plate, 15

Sternum, 40, 45, 51, 52, 58, 60, 70, 75, 76, 171,

Stork, 131

Stork, shoebill, 356

Storm-petrel, 364, 366, 372

Strain, bone, 259, 260

Strain, muscle, 261

Strigiformes, 149–153, 290

Strigops habroptilus, 297

Strix virgata, 290

Sturnus roseus, 270

Sturnus vulgarus, 270

Suboscine, 246

Sula, 210, 355, 360, 368

Sulida, 356

Sunbittern, 357

Sungrebe, 355

Supertree, 132, 135, 136,

Supraorbital trough, 361

Swallow, 268, 271

Swift, 149, 250, 268, 362

Sylvioidea, 248

Sylvioidea, Sylviidae, 250

Symmetrical feather, 5

Synsacrum, 45, 60, 74, 79, 360–2, 364, 367

Syrinx, 238–9, 244

Tachycineta bicolor, 394

Taeniopygia guttata, 243, 268

Tail fan, 5, 58, 61, 71, 81, 364

Tail, 45–8, 51, 52, 58–9, 61, 66–7, 69, 71, 81, 268,

271, 362–4, 372

Takahe, 195,

Take-off, 259, 265–8, 275, 364, 371–2

Taphonomy, 54

Tarsometatarsus, 5, 203, 360

Tasidyptes hunteri, 178

Taste, sense of, 287, 291

Tawa, 13

TBR (Tree Bisection Reconnection), 69

Teeth (in birds), 4, 6, 47, 48, 52, 57, 59, 60,

71–3, 210

Telencephalon, 282–6, 291, 293, 295–8

Temporal fenestra, 50, 52

Temporal paradox, 22, 23

Tern, 372

Terrestrornithes, 358–9, 371

Tetanurae, 13, 14, 19, 23, 44

Teviornis gobiensis, 6, 67, 339, 355

Thecodont dentition, 12, 22

Thecodont, 32

Therizinosauria, 16

Theropod ancestry of birds, 10, 13, 14, 19, 23, 40,

41, 44, 45, 358, 365

Theropod, feathered, 5, 344

Theropoda, 11

Thraupini, 242

Thrush, 239, 240

Thrust, 168–9, 171, 262, 268,

Tibiotarsus, 39, 40, 44–5, 203, 217–9, 221–2,

224–7

Timaliini, 240

Tinamiformes, Tinamidae, 126, 216–7, 219, 220,

371

Titanis walleri, 181, 194, 195

TNT analysis, 69

Togo, 210

Tooth loss, 18, 57, 59

Touch, sense of, 292

Tracheophone, 239

Transitional shorebird hypothesis, 152

Transitional shorebird, 152, 339, 343, 345, 349

Tree swallow, 394

Triassic mass extinction, 30, 32, 36–8

Triassic-Jurassic boundary, 30, 32, 36, 37, 38

Tridactyl hand, 12, 14, 18, 23

Triosseal foramen, 58

Trochilidae, 169, 266, 273–6, 369, 393–4

Trogoniformes, 236

Troodon, 5, 20

Troodontidae, 5, 16, 17, 21, 45, 47–8

Tropicbird, 286, 295, 356–7, 361, 368

Turbinals, 18

Turdinae, 239

Turkey vulture, 52, 55, 131, 291, 373

Turnicidae, 132

Tympanic pneumatic system, 14, 214, 223

Tympanonesiotes wetmorei, 213

Tyrannidae, 242, 244

Tyrannosaurid, 14

Tyrannosaurus rex 14
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Tyto alba, 289, 290

Tytthostonyx, 7

Ultrametric tree, 237

Uncinate process, 15, 40, 54, 75, 196, 202, 360

Unenlagiinae, 18

Uria aalge, 169, 174

Uria lomvia, 169

Utahraptor, 17

Uzbekistan, 210

Vegavis iaai, 6, 7, 66–7, 69, 70, 220, 339, 355

Velociraptor, 5, 14, 23, 24

Vicariance, 247

Vireonidae, 249

Vision, 287–9, 292–3

Vorona berivotrensis, 60, 69

Waihao penguin, 160

Waimanu manneringi 167

WAIR (Wing-Assisted Incline-Running), 259,

262–5

Walbeckornis, 339

Walker, Cyril, 6

Weka, 195

Wild turkey, 266

Wing flexibility, 210, 372

Wing structure, 45, 46, 52, 54, 57–8, 65, 155, 169,

171–3, 210, 218, 259, 266, 268, 271

Wing-beat frequency, 168, 261, 266, 270, 274, 276

Wing-loading, 52, 171, 210, 263, 266–7, 271,

370–2

Wood pigeon, 268

Woodpecker, 268

Wulst, 284–6, 293, 295, 298

Xenicus gilviventris, 382

Yandangornis longicaudus, 48

Yanornis martini, 54, 60, 61, 63, 69, 70

Yixian Formation, 47, 49, 50–1, 61

Yixianornis grabaui, 61–2, 69, 70

Z-W sex chromosome, 326, 331

Zebra finch, 242, 268

Zhongjianornis yangi, 49, 54, 59

Zhongornis haoae, 49, 50, 52

Zosterops group, 382, 384
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Plate 0.1 Cartoon to illustrate the basics of our current consensus regarding the pattern of the evolution of birds,

relative to the Cretaceous-Paleogene (K-Pg) boundary.

Plate 1.2 Comparison of theropod mani showing progressive reduction and loss of digits IV and V and changes in the

proportions of manus elements. Eoraptor (A), Guanlong (B), Sinornithosaurus (C), Archaeopteryx (D), and Confuciu-

sornis (E). Abbreviations: DI–V, digits I–V. All specimens shown at the same scale.

Living Dinosaurs: The Evolutionary History of Modern Birds, First Edition.    Edited by Gareth Dyke and Gary Kaiser.
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Plate 1.3 (A) Skeleton of the dromaeosauridMicroraptor gui from theYixian Formation of Liaoning,China, exhibiting

vaned, asymmetric feathers onboth fore- andhindlimbs. (B)Detail of hindlimbprimary feathers ofPedopenna from the

Middle Jurassic of InnerMongolia, China.Pedopenna is the earliest paravian fossil to exhibit vaned feathers and a four-

winged body plan. The inset shows a close-up of the aligned and parallel barbs on each vane that indicate the presence

of interlocking barbules, as well as the rachis. Note the large sickle claw characteristic of deinonychosaurians

(¼ dromaeosaurs and troodontids) on digit II of the foot. Scale bars equal 5 cm. (Photographs: P. Makovicky.)



Plate 1.4 Partial skeleton of an oviraptorosaur in brooding posture on a nest of its eggs. Egg identity has been

independently confirmed through embryonic remains. Specimens such as this reveal that these dinosaurs laid eggs in

pairs over protracted periods (diachronous laying), and brooded them with direct contact indicative of synchronous

hatching. Such associations of eggs and sexually mature individuals are now known from multiple nonavian

maniraptoran taxa. (Photograph L. Zanno.)

Plate 1.5 (A) Lower jaws of the Munich specimen of Archaeopteryx revealing the presence of interdental plates.

(B) Cross-section of the dentary ofAllosaurus revealing continuous histological ultrastructure between the bone below

the alveoli and the interdental plates and demonstrating that the latter are not separate ossifications. Abbreviations:

idp, interdental plates; sp, splenial; tg, germinating tooth. Specimens not to scale. (Photographs P. Makovicky.)



Plate 10.6 Airflowin thewakeof aflightlesschukarpartridge (Alectoris chukar) chickengaged inwing-assisted incline

running (WAIR). Velocity in the flow field was revealed using particle imagery velocimetry (PIV); the wake reveals

evidence of lift production in a manner similar to juvenile and adult birds that are capable of flight. At day 8 of

development, the chick has symmetrical remiges (inset, upper right). (Adapted from Tobalske & Dial, 2007.)

Plate 8.6 Reconstruction of the early Tertiary pseudo-toothed bird Dasornis toliapica, based on fossils from

Paleocene–Eocene strata of Morocco and from Eocene strata of England.



Plate 13.2 Diagram of genome size variation within modern birds (Neornithes). Data were obtained from the animal

genome size database (Gregory, 2007) andmapped onto a pruned version of themost recent phylogenetic framework for

Neornithes (Hackett et al., 2008) used squared-change parsimony (Maddison & Maddison, 2008).

Plate 10.15 Hummingbirdwing presentation andflowfield in thewake atmid-downstroke (a) andmid-upstroke (b). (a)

A red line is drawn above the dorsal surface of the wing to highlight the camber of the wing. (b) During upstroke, the

proximal part of thewing (red line) is not as supinated as the distal portion (yellow line). The vector scale is at top right.
(From Warrick et al., 2005).



Plate 13.3 Diagram of karyotype variation within modern birds (Neornithes). Conspecific karyotype data used for

Asian barbets (Megalaima) (Kaul&Ansari, 1981), owls (Strix) (Takagi& Sasaki, 1974), and cormorants (Phalacrocorax)

(Ebied et al., 2005). Other karyotype data were obtained from the literature (Benirschke, 1977; Waldrigues &

Ferrari, 1982; Christidis, 1990; Qingsong et al., 1995; Nishida et al., 2008). Karyotype was mapped onto a pruned

version of the most recent phylogenetic framework for Neornithes (Hackett et al., 2008) used squared-change

parsimony (Maddison & Maddison, 2008).
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Plate 16.3 Projected impacts of global change on geographic patterns of avian species richness. Land cover conversion

in 2100 due to climate and land-use based on projections of (A) the environmentally proactive AdaptingMosaic and (B)

the environmentally reactive Order from Strength models. Species richness of birds with projected range declines of

� 50% on a 0.5� grid for (C) the Adapting Mosaic and (D) Order from Strength models. (From Jetz et al., 2007.)
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